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Abstract 
This report contains the results of a study carried out for an iso-
chronous ~mpressor ~ing IKOR which compresses the 5oo1us linac macro-
pulses into pulses of 0.68/us length. Its basic component isaring magnet 
with alternating gradient and separated functions. Due to the isochronaus 
operation, an rf system can be avoided which otherwise would be necessary 
in order to maintain a void in the circulating beam for the purpose of 
ejection. Injection is performed by charge exchange. The H beam of the 
0 
accelerator is first converted into a H beam by stripping off one 
electron by a high gradient magnet placed in the transfer channel. Sub-
sequently, the beam is converted into a proton beam by removing the re-
maining electron through a stripping foil in the ring. IKOR will be 
filled in 658 turns. Immediately after filling, the beam is ejected in 
a single turn via a kicker and a septum magnet and is transported to 
14 the spallation target. Because of the high intensity of 2.7 x 10 pro-
tons per pulse and, secondly, due to the high repetition rate of 100 Hz, 
beam dynamics a~d radiation protection aspects dominate the design and 
are, for this reason, treated in detail. 
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D2.1 General aspects 
2.1.1 Synopsis 
This report contains the results of a study carried out for an isochro-
naus ~ompressor ~ing IKOR which compresses the 500 ~s linac macropulses 
into pulses of 0.68 ~s length. Its basic component is a ring magnet 
with alternating gradient and separated functions. Due to theisochronous 
operation, an rf system can be avoided which otherwise would be neces-
sary in order to maintain a gap in the circulating beam for the purpese 
of ejection. Injection is performed by charge exchange. The H beam of 
the accelerator is first converted into a H0 beam by stripping off one 
electron by a high gradient magnet placed in the transfer channel. Sub-
sequently, the beam is converted into a proton beam by removing the re-
maining electron through a stripping foil in the ring. IKOR will be 
filled in 658 turns. Immediately after filling, the beam is ejected in 
a single turn via a kicker and a septum magnet and is tFansported to 
14 the spallation target. Because of the high intensity of 2.7 x 10 pro-
tons per pulse and, secondly, due to the high repetition rate of 100 Hz, 
beam dynamics and radiation protection aspects dominate the design and 
are, for this reason, treated in detail. 
No arguments could be found which throw doubts on the feasibility 
of the ring. The study, however, cannot be considered as fully comple-
ted. The total construction cost of IKOR were estimated to be 126 mil-
lion DM, and the construction period seven years after completion of 
the preliminary design study. 
2.1.2 Design concept and reasons for choice 
Introduction 
The purpese of the compressor ring is to compress the 0.5 ms linac 
pulses into pulses of < 1 ~s duration so as to increase the peak neu-
tron flux from the target without a significant decrease of the mean 
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flux (see chapter 1 of part I). Pulsesshorter than 200 ns are specified 
for neutrino experiments /1/. 
While one can imagine novel tailor-made machines for achieving this 
purpose, the present proposal relies on the proven principle of an al-
ternating gradient ring (AG), as used in modern synchrotrons. After 
accumulation over 658 turns, the beam is ejected in a single turn 
(Fig. D2. 1-1) . 
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Fig. 02.1-1. IKOR concept, schematically 
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IKOR is designed for filling it, by means of charge-exchange injection, 
with about 87% of the nominal linac macropulse intensity. Of the other 
13%, 12% are dumped in the linac preinjector by means of a fast chopper 
/2/ so as to leave an azimuthal void in the compressor beam, and 1% of 
the beam is scraped off during the controlled tail-trimming in the in-
jection line. The void is required for avoiding beam loss while the de-
flecting field of the ejection kicker magnet is being built up. In er-
der to minimize possible beam blow-up or loss due to instabilities 
(which take some time to develop), the beam is ejected as soon as the 
filling is completed. Tne-whole process can be repeated with the 100 Hz 
linac macropulse repetition frequency. 
Beam dynamics considerations 
With a proton intensity of 2.7 x 1014 p/filling and a flux of 
16 2.7 x 10 p/s the SNQ compressor ring would have five times the in-
tensity and at least forty-three times the flux of the LASL high-cur-
rent protonstoragering /3/. With respect to the Rutherford SNS /4/, 
proton intensities would be ten times higher and proton fluxes twenty 
times higher. 
Under these conditions beam dynamics considerations practically domi-
nate almest all aspects of the ring design /5/: On the one hand, this 
design must ensure that beams of such very high intensities can be in-
jected (sub-section 2.2.4) and kept stable (sub-section 2.2.5) in the 
ring. On the other hand, relative beam losses must be kept far below 
what is currently admissible, which further emphasises the need to un-
derstand fully the beam dynamics (irrespective of the indispensable 
engineering considerations concerning equipment radiation hardening, 
remote handling, etc.). For instance, a transverse active damping sy-
stem is planned to avoid beam loss due to lower order instabilities. 
On the whole, the existing body of single particle and collective beam 
dynamics theory /6,7/ is, in principle, sufficient to tackle the problems 
on hand. However, some extension is required (sub-section 2.2.5) for an 
isochronaus ring, i.e. one working close to transition energy /8,9/. 
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Machine radius and apertures 
The volume-cost relationship basically advocates a ring of modest di-
\ 
mensions. However, beam dynamics introduces some overriding constraints 
into the optimization. 
To ensure various advantages discussed further below, it appears inte-
resting to design an isochronaus ring /8,9/. The basic ingredient for 
this is a lattice which yields for the normalized transition energy 
----~--
ytr ~ 2.2 (~ yp = 2.17 =total proton energy at 1100 MeV/protonrest 
energy). 
In a classical A.G. (alternating gradient) lattice one has Ytr ~ QH 
(= nurober of horizontal betatron oscillations per turn) • With a 90° 
betatron phase advance per cell, one then needs about nine cells as 
a minimum to meet the condition Ytr ~ 2.2. 
For identical magnets, stopbands (= resonances of betatron oscillations) 
are narrowest in a fully symmetrical design (= identical cells) • 
For fast beam ejection one needs abouta 4m straight section space for 
the kicker magnet and about twice that amount for drift spaces and the 
septum magnet. As the cross-section of the ejected beam is comparable 
to that of the machine acceptance, it is very attractive (and possible 
/10/) to eject over a short distance (in order to avoid doubling the 
machine acceptance in the ejection region) • Putting these considerations 
together, and adding six meters for the main magnet and quadru-
poles in a cell, one arrives at a minimum cell length of about 
4 + 8 + 6 = 18 m. Hence, the minimum circumference is 18 x 9 = 162 m or 
R ~ 26 m. Optimization studies eventually showed that a more favourable 
situation and a safer design is obtained with R ~ 32 m (sub-section 
2.2.2); a larger radius is also favoured because it decreases the mag-
nitude of the circulating current and the number of turns to be injec-
ted. 
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Provided the injection process does not require a larger aperture, the 
minimum machine aperture is very largely determined by the need to in-
crease the beam cross-section in order to keep the space-charge fields 
at tolerable levels (sub-section 2.2.5). For 2.7 x1o14 p/filling this 
-6 leads, at 1.1 GeV, to beam emittances of EH= 150TI•10 rad m and 
EV = 50 TI•lo-6 rad m. Warking at lower energy would require and increase 
-2 -3 
of these emittances as ß y , all other parameters staying constant. 
Starting from these emittances, appropriate m~rgins are added for ac-
commodating closed orbit amplitudes and some beam halo (tails of the 
distribution) to arrive at machine apertures. At this stage of the 
study, the numbers given represent the best risk/cost compromise avai-
lable. Further refined studies may reveal that an optimum design calls 
for slightly different apertures. 
Reasons for choosing an isochronaus ring 
In a non-isochronaus ring, the azimuthal void in the beam will close 
with time because of the different revolution frequencies of protons 
with different momenta. A (pulsed) RF system is then required to keep 
this void open /9/ unless a different ejection scheme is adopted (sub-
section 2.7.1). Choice of an isochronaus ring /8,9/ means saving of 
effort and cost for such an RF system. Furthermore, the absence of 
such a system leads to smaller minimum beam emittances, and more fa-
vourable beam stability conditions (sub-section 2.2.5). 
In cantrast to isochronaus cyclotrons or ring accelerators, synchro-
trons during most of the acceleration cycle have a non-vanishing de-
pendence of the revolution frequency on machine radius. In AG synchro-
trons this dependence can have either sign. The normalized energy 
where the sign change occurs is called the transition energy, ytr" 
Hence for isochronism, the ring has to be operated close to ytr· 
For the present capacitive beam coupling impedance, ytr should,in all 
cases,be sufficiently high so that no protons have y values (Y ) p 
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above y and hence none experience the negative mass instability. How-
tr 
ever, the exact value of y which was chosen results from a compromise 
tr 
(sub-section 2.2.5): on the one hand a significantly higher value than 
y is favourable for the rapid debunching of the linac micropulses in p 
the ring, as well as for ensuring that non-linearities and space-charge 
effects will not lower ytr below yp in part of the beam. On the other 
hand a value of y closer to y better ensures that the void is kept tr p 
free of protons, and increases the rise times of longitudinal instabi-
lities. It is planned to work with dynamic ytr values, i.e., ytr is 
programmed during the filling so as to ensure that it stays correctly 
above yp despite the increasing space-charge effects (which change the 
local value of ytr). Should unexpected difficulties arise with isochro-
naus operation, in cantrast with promising experiments on the PS of 
CERN /11/, other possibilities of operation exist (sub-section 2.7.1). 
Beam lasses 
Tolerated beam lasses in existing machines are easily a few percent, 
and up to 50% or more not uncommon. A 1% loss in the present ring, as the 
only user of the linac beam, would mean 44 ~ x 1.1 GV ~50 kW of dis-
sipated power. Clearly, such a loss level, if continuous and uncontrol-
led would lead to severe problems, both in terms of darnage to the ring 
and of induced radioactivity rendering repairs and maintenance diffi-
cult. 
The following remedial measures are planned: 
i) minimum-lass designs throughout, 
ii) provision of beam scrapers/catchers where appropriate (scraping 
off the halo before injection andejection, catchinq the residual 
0 H beam, etc.), 
iii) appropriate beam monitaring instrumentation, 
iv) radiation resistant design of components, use of appropriate ma-
terial, 
v) adequate radiation shielding, and 
vi) component design compatible with remote handling and provision 
of such handling. 
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D2.2 Parameters and beam dynamics 
2.2.1 IKOR main parameters 
The main parameters of the compressor system, main ring components and 
injection/ejection components are listed below and are discussed in 
the individual sub-sectioris. 
General machine parameters 
Proton kinetic energy 
Proton momentum 
Proton design intensity 
Proton current 
Proton pulse duration 
Repetition rate (max) 
Orbit circumference 
Revolution period 
Mean ring radius 
Lattice structure (separate functions) 
Number of lattice cells 
Approximate horizontal betatron tune 
Approximate vertical betatron tune 
Maxima of Twiss parameters (nominal values) 
in the whole ring 
in bending magnet 
Momentum compaction factor 
Nominal transition energy/rest energy 
Nominal beam emittances 
(not normalized) 
Inj·ection ( charge exchange) 
Duration of injection 
Ejection (as soon as injection completed) 
Operational vacuum pressure 
Maximum tolerable operational beam loss 
Ek. ~n 
PP 
N p 
I p 
T p 
f 
rep 
c 
T 
rev 
-R 
= 1.1 GeV (Y= 2.172) 
= 1.81 GeV/c 
= 2. 7 x 1014 p/filling 
= 66 A 
= 0.68 l.lS 
= 100 Hz 
= 202.175 m 
= 0.76 llS 
=32.18m 
FO DOO DOOB 
N = 11 
= 3.25 
= 4.40 
ßH =31.3m 
ßv = 41.0 m 
ßH = 31.4 m 
ßv = 6.3 m 
H 
= 6.9 m 
= 2.226 cn = o.ol) 
= 150 rr 10-6 rad m 
= 50 rr 10-6 rad m 
= 500 lls (658 turns) 
single turn, in hor. plane 
P = 10-7 Torr 
~ /N = 5 • 10-3 p p 
- 9 -
Parameters of main lattice components 
Bending magnets (11 sector magnets) 
field B = 1.3T 
magnetic length (mean orbit) LB = 2.65 m 
bending radius p = 4.64 m 
gap height ~ = 100 mm 
width of useful field WB = 200 mm 
Quadrupole lenses (33) 
gradient GQ = up to 3.5 T/m 
magnetic length LQ = 0.4 m 
bore diameter dQ = 210 mm 
Parameters of injection and ejection components 
Injection bump magnets ( 4) : 
max. orbit displacement d. = 5.8 cm 
~ 
field B. = 0.6 T 
~ 
magnetic length L. = 0.6 m 
~ 
apertures h. = 100 mm, w. = 200 mm 
~ ~ 
Ejection kicker magnet: 
deflection angle CI.K = 11 mrad 
bending strength fBdl = 0.066 Tm 
aperture ~ = 90 mm, w = 180 mm K 
rise time TK = 50 ns (10% to 90%) 
Septum magnet: 
deflection angle as = 7.48° (=130. 6 mrad) 
field Bs = 0.985 T 
gradient (F) Gs = o. 5 T/m 
magnetic length Ls = 0.8 m 
useful aperture hs = 70 mm, w = 160 mm s 
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2.2.2 Lattice structure 
Criteria for the lattice 
For the design of the lattice, the following aspects were taken into 
account: 
Warking region in QH/QV-diagram (Fig. D2.2-1) /1/: In order to avoid 
coupling resonances, the horizontal and vertical betatron frequencies 
should differ, but not by too much lest the Twiss parameters become 
too unfavourable. Because vertical aperture implies more power than 
horizontal aperture, the vertical focussing should be strenger than 
the horizontal. Thus QV ~ QH + 1 was chosen (Q being again the number 
of betatron oscillations per turn). The tunes must be chosen so that 
the Laslett tune shifts do not drive particles into adjacent stop bands 
(/2,3/ and sub-section 2.2.5). 
Number of cells N /1/: Transverse stability considerations prevent 
betatron frequencies that are near multiples of N/2. Extraction consi-
derations suggest frequencies near N/4, and cost considerations usual-
ly result in frequencies near N/5 to N/4. Also, the working point plus 
any spread in frequencies due to nonlinearities must be chosen to avoid 
resonances of the type m•Q = k•N (structural stop bands for integers 
m, k, see sub-section 2.2.3). 
Ejection /4/: In order to preserve the symmetry of the ring, no spe-
cial ring elements should be incorporated in the extraction cell. If 
possible, the kicker magnet should be placed in front of a horizontally 
defocusing lens so as to reinforce the action of the kicker. The phase 
advance between the kicker and the septum magnet should be in the 
range 50° < ~ < 130°, and the Twiss parameter ßH should be as large as 
possible in the kicker magnet in order to maximize its effectiveness. 
Then, thespace provided for the ejection cell is also sufficient for 
the injection cell. 
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Isochronism and ad]'ustment of y · !KOR should also be able to work tr" 
at a slightly lower energy (~ 1 GeV) . The adjustment range required 
for this is estimated tobe 2.07 < ytr < 2.37, and this should prefe-
rably be independent of the betatron frequencies. 
In sub-sections 2.1.2 and 2.2.5, the interest in changing ytr during 
filling is pointed out. In order to increase ytr the change in orbit 
length ~C with momentum must be decreased. One way of doing this is to 
use the method developed for the ytr-jump at the CERN PS /5/. A simpler 
approach has been explored in this study. The change in ytr essentially 
arises from the difference of path length in the bending magnets, so 
the problern is to adjust ap(s) (and hence ßH (s)) in these magnets. 
Bending magnets: Because of manufacturing considerations, the field 
should be of the order of 1T. For similar reasons, a seperated-func·· 
tion design with no gradients or edge angles in the bending magnets 
is preferred. To minimize the gap height, ßv should be small in the 
bending magnets. 
Quadrupole-lenses: There must be a minimum of three quadrupoles per 
cell in order that ytr' QH, and QV be independently adjustable. The 
gradient GQ should not exceed 5.5 T/m to avoid excessive pole-tip 
fields. 
-Beam ring radius R: Basic considerations were already explained in 
sub-section 2.1.2, as well as above under 'ejection'. The following 
more specific arguments are added: For ejection the kicker magnet 
needs a 4 m long straight section; about 8 m is required for the drift 
space and septum magnet if extraction is to take place entirely within 
one cell and thus avoid special magnets. The bending magnets occupy 
a total azimuthal length of 38 m for 1T fields. In order to provide 
space for three quadrupoles per cell with reasonable minimum intermag-
net spacing, the mean radius of the ring for N = 11 is 32 m. 
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Camparisan of different lattices 
using the computerprogram LATTICE /62/, lattices of periodicity 8, 
10, 11, and 14 /1,4,6-14/ and also some lattices with the TI-2TI inser-
tion /15-17/ have been examined. 
The more conventional lattices are favoured over those with insertions 
because a reduction in periodicity increases the number of structure-
driven (systematic) resonances~. For the N = 8 and N = 10 configura-
tions, the possible working points will be too close to dangeraus 
stop-bands at some point in the accumulation process, whereas for 
N = 11, the only adjacent structural resonance is not dangeraus /18, 
19/ (Fig. 02.2-1). 
For N = 14 an isochronaus lattice at 1.1 GeV can only be constructed 
with great technical difficulties, such as high fields and gradients 
or edge angles in the bending magnets. One disadvantage of the 11-fold 
periodicity is that correction elements must be placed in every cell. 
Among the lattices studied for N = 11, the "Distributed Triplet" 
(FODOODOOB) (Fig. 02.2-2) is superior, allowing independent·adjustment 
of the main parameters. It is also suitable for horizontal extraction. 
The distributed triplett for N = 11 /9/ 
This structure is shown in fig. 02.2-2, the related Twiss parameter 
in 02.2.-3 and the beam envelopes in 02.2-4. For other parameters see 
sub-sections 2.2.1 and 2.3.1. 
With the constraint that the distance between the bending magnet and 
the radially focusing quadrupole lens, QF be o.s m, a combination of 
-
R = 32.18 m and a distance of 0.8 m between QF and Q01 yields a mini-
mum Ytr = 2.07. The mean radius of 32.18 m corresponds to a harmonic 
number of 82 of the linac frequency (108 MHz) with 10 cm added to the 
circumference. For h = 81 the minimum ytr is not sufficiently low and 
for h = 83 the circumference is unneccessarily lang. The 0.8 m drift 
space between QF and Q01 can be used for correction elements. 
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Fig. 02.2-1. Stop bands including higher order stop bands, and working 
region for nominal values QH = 3.25 and Qv = 4.4, with 
maximum shifts ~QH = -0.21 and ~Qv = -0.37 (hatched re-
gion). For N = 11 the structural stop bands are outside 
the working region. 
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The adjustment range for ytr is from 2.07 to in excess of 2.35 (fig. 
02.2-5). The Q-values are adjustable over a wide range, but for ytr 
close to 2.07 there are some limitations. The tuning is mainly done 
by changing the gradients in QF and QOl. The Q-values should decrease 
during accumulation /20/. 
15,73 
7.0 623 
B=1.3T 
0.4 0.4 0.4 
-----------------------~L~=~18~.3~8~------------------
9 1, jm 
tO-·-X-·-·-·--K-·--·-0 
QF 001 002 B 
Fig. 02.2~2. Oistributed triplet for N = 11 
- 15 -
. ß ,ol.p 
(m) 
40 
20 
10 
I 
I 
I 
I 
I 
/ 
/ 
I 
. ...1-·-... I . 
I 
5 
ßv 
---...--
PH// 
/ 
/ 
I 
I 
I 
I 
/ 
I 
10 002 
/ 
/ 
/ 
15 
Fig. 02.2-3. Twiss parameter ß, phase advance ~ and momentum compac-
tion factor ap for distributed triplet (N = 11) 
QH = 3.25, Qv = 4.4, Ytr = 2.226. 
8 (m) 
5 
5 
Av (cm) 
Fig. 02.2-4. 
- 16 -
5 10QD2 15 (m) 
Beam 
QH = 
c.v = 
envelope for distributed triplet (N = 11) 
3.25, Qv = 4.4, Ytr = 2.226, €H = 150 TI mm mrad, 
50 TI mm mrad, ~p = 0. p 
• 
4 
3 
2 
1 
-1 
-2 
-3 
-4 
- 17 -
2,06 2,1 2,3 
002 
Fig. D2.2-5. Ytr tuning by the quadrupole lenses for distributed 
triplet (N = 11), Qs = 3.25, Qv = 4.4. 
~tr 
- 18 -
2.2.3 Tolerances and corrections 
Closed orbit deviations 
Errors in the magnetic field and misalignment of the bending magnets 
will cause a distortion of the closed orbit. If an imperfection occurs 
at an azimuthal position sk' the maximum closed orbit distortion oc-
curs at the azimuthal position s and is given by 
0 
= 
/ß ( sk) ß ( s ) y y 0 . 
2lsin 'IT Qyl 
with the Twiss parameter ß , the Q-value Q , and the error Ö(B(sk)L) y y 
at sk (B = magnetic induction and L = length of the dipole) • The posi-
tion s is given by the relation 
0 
= ~l.l = (Q -m)'IT y m = 1,2,3, ••• < Q y 
where l.l is again the phase of the betatron oscillation. With QH = 3, 25, 
~l.l = 45°, /ßH(Sk)ßH(s0 ) ~ 11.5 m, L8 = 2.65 m, and p = 4.64 m the 
closed orbitdistertian in the horizontal plane due to magnetic field 
errors is given by 
= 4.6 ÖB /B 
. z (m) 
In the vertical plane (Qv = 4.4, ~l.l = 72°, /ßv (sk)ßv(s
0
) ~ 9 m) a 
field error ÖB /B causes a maximum orbit deviation 
X 
= 4.6 Ör/p (m) 
of 10-
4 (ÖB /B = ÖB /B = 10-4) in one bending 
X Z 
So, for a relative error 
magnet the closed orbit errors are yH = 0.46 mm and Yv = o.27 mm. A 
radial position error of 1 mm in one bending magnet gives yH ~ 1 mm. 
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Also, positioning errors of quadrupole lenses introduce closed orbit 
deviations. A positioning error of 1 mm (rms) of a lens introduces a 
maximumhorizontal (vertical) deviation of 1 mm (1.9 mm). If all 11 
lenses of the same type are positioned with this error, the maximum 
deviation increases to 3.3 mm (vertically 6.3 mm). These approximate 
values are based on QH = 3.25 and QV = 4.4. 
Closed orbit deviations can be corrected by additional dipole windings 
(see 'correction elements' at the end of this sub-section). 
Gradient errors 
Random errors in the field gradient introduce a modulation of beam en-
velopes and shifts in the Q-values QH and QV. The tune shifts ßQH,V 
depend linearly on the Twiss parameters ßH,v· Therefore the quadrupoles 
QF and QD1, where ßH is large (see fig. 02.2-3), will mainly influence 
QH. The quadrupole lens QD2, where ßv is large, will mainly influence 
QV. The tune shifts for a relative gradient error of 1o-3 in the qua-
drupoles lie between 10-4 and 6•10-4 , and are therefore negligible. 
Nonlinear resonances 
Principle: Resonant build up of transverse oscillations due to imper-
fections of the azimuthal distribution of the bending fields or of the 
gradient fields is avoided by avoiding integral and half-integral va-
lues of the Q-values QH and Qv· In general imperfections of the azimu-
thal contributions of the sextupole, octupole and higher multipale 
components of the focussing field can produce build up of betatron-os-
cillations by nonlinear resonances, characterized by the relation 
iQH + mQH = k with t, m and k integers. I t I + Im I is the order of the 
resonance. In general, the lower the order the more dangeraus the re-
sonance and the faster the growth. Those terms for which k is a mul-
tiple of N (periodicity of the machine), k = n•N, are the most dange-
raus ones. Other terms can occur only as the result of error fields 
and are thus expected to be of smaller amplitude. 
~ m k resonances 
3 0 11 3QH = 11 correction sextupoles 
3 0 11 3QH = 11 sextupole errors in bending magnet 
3 0 10 3QH = 10 sextupole error in bending magnet 
1 2 11 QH + 2Qv -- 11 correction sextupoles 
2 1 11 2QH + Qv = 11 rotation error of correction sextupoles 
1 2 12 QH + 2Qv = 12 sextupole error in bending magnet 
4 0 11 4QH = 11 correction octupoles 
Table 02.2-1. Important nonlinear resonances for N = 11 
Onedimensional resonances, so-called sum resonances (~ and m of same 
sign)' can lead to beam blow-up and beam lass. In order to avoid these 
effects the working point must be chosensuchthat j~QH + mQvl > CQ. 
The value CQ increases with the amplitude of the driving harmonic and 
decreases with increasing ordinal number. Here we have tö consider 
third order resonances due to sextupoles placed in the lattice for 
ytr control or chromaticity control, sextupole errors in the bending 
magnets and fourth order resonances due to octupoles included for 
Landau damping. From the quantitiy CQ, tolerances can be computed. 
Table 02.2-1 gives a summary of the considered resonances, also with 
the fields which excite these resonances. 
Detailed results concerning these resonances can be found in /18/ and 
/21/. The essential conclusions are: 
Excitation by correction sextupoles: Putting two sextupoles in each 
cell as indicated in fig. D2.2-6 the resonance 3QH = 11 can be excited. 
In order to keep the related stop band sufficiently thin, the integra-
ted sextupöle strength must stay below 3.4 T/m. For the coupling reso-
nance QH + 2QV = 11 the corresponding value is 4.5 T/m (Kl). 
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Excitation by sextupole errors in the bending magnets: Under the as-
sumption of a sextupole error in the bending magnet, the resonance, 
3QH = 11 is excited again. Under the same conditions as above the er-
rar must stay below 1.2 T/m. This means that 
QF QD1 QD2 B 
-mm~----~oo~----~~~~ 
K1 K2 
Fig. D2.2-6. Grouping of correction elements Kl and, if necessary, 
K2, in a magnet cell (each corr. element containing a 
correction dipole, a sextupole and an octupole lens}. 
the horizontal magnetic induction in the bending magnets must satisfy 
the condition B (x = 5 cm, z = 1 cm} < 6 Gauss. The 10th azimuthal 
X 
harmonic of the sextupole fields excites the 
the required distance leads to the condition 
< 4 Gauss (for B" < 2.8 T/m2} • By fulfilment 
resonance 3QH = 10. 
B 
X 
(x = 5 cm, z = 1 
of this condition, 
Here, 
cm} 
the 
sum resonance QH + 2QV = 12 also looses significance. We may conclude 
that sextupole errors in bending magnets are rather critical which 
follows from the high values of ßH in these magnets. A very good field 
quality is necessary in order to avoid beam blow-up.. In case sextupole 
errors cannot be kept small enough, harmonic correction sextupoles 
must be provided (K2 in fig. D2.2-6}. 
Cerreetion elements /22,23/ 
One correction element (Kl} per cell is firmly planned. An additional 
one (K2} can be added if required (fig. D2.2-6}. Dipole fields up to 
0.01 Tm can thus be generated for vertical correction of the equili-
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brium orbit. Sextupole fields of 0.5 T/m are useful to diminish the 
dependance of ytr from orbit radius (proton momentum) or far chroma-
ticity adjustment. Octupole fields up to 250 T/m2 can be used for 
Landau damping of transverse oscillations of higher order. 
For horizontal correction oftti~equilibrium orbit, supplementary win-
dings on the bending magnets are provided. 
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2.2.4 Injection 
Synopsis 
For the preparation of the injection, the 100 mA,1100 MeV H ion beam 
from the linear accelerator is passed through a section where the ex-
treme tails are stripped to protons for subsequent removal and is then 
transported to a localized gradient magnet where the beam is converted 
to neutral ions. The neutral ion beam passes through a carbon foil in 
the ring where the remaining electron is removed. During the injection 
process, the equilibrium orbit is displaced by a set of programmed 
bending magnets so that ions pass through the foil only a few times. 
A programmed tune shift, together with the space-charge-induced tune 
shift, yields a uniform filling of the two two-dimensional betatron 
phase spaces as shown in fig. D2.2-7. The layout of the IKOR injection 
section is shown in fig. D2.2-8. 
Injected beam characteristics 
The rms emittance in each of the two transverse planes at 1100 MeV is 
1.56 ~ mm mrad (not normalized). However, there are large tails to 
the distribution; the emittance for 100% of the beam is estimated to 
be ten times the rms emittance. The energy spread of the beam is 
± 0.145%. The microstructure of the beam has a 1% duty cycle; thus 
2.5 cm bunches of an instantaneous current of 10 A are separated by 
2.5 m. By an adjustment of the linac parameters, this spread can be 
increased by up to five times at the IKOR input. The spread may be 
further increased by operating the injection line in a dispersive mode 
(see sub-section 2.4.1). The bunch length entering the ring must ex-
ceed 12 cm (see sub-section 2.2.5). 
A fast chopper at the injection end of the linac will remove appro-
ximately 100 nsec of beam every 760 nsec in order to create the azi-
muthal void in the beam. The timing of the chopped section will vary 
with turn number in order that the longitudinal charge density not 
change too abruptly at the edges of the azimuthal void. 
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Fig. D2.2-7. Spiral injection, principle: Injection of 50 turns in 
normalized radial phase space is shown with the 50th 
turn passing through the stripping foil. The center of 
the pattern is the equlibrium orbit, about which the 
entire patterns rotates from turn to turn. The dense 
portion of the foil is that between the heavy dashed 
vertical lines; a thinner portion extends to the left 
of the dense portion as indicated by the light dashed 
line. As shown, a portion of turn 45 appears to pass 
through the foil a second time; this can be prevented 
by using a coherent betatron displacement in the verti-
cal plane. However, clearly several turns pass through 
the thin portion of the foil. 
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Tail remover 
It is important that the stripping magnet have a rapidly rising magne-
tic field to minimize the distribution in longitudinal position where 
stripping occurs. This distribution induces an additional spread in 
angle in the plane normalte the magnetic field. It is thus important 
to minimize the gap in this magnet. Elimination of a fraction of the 
large tails in the plane of the gap allows this gap to be reduced with 
the lass of just a small fraction of the beam. The method used to re-
move the tails is to place thick stripping foils at the edges of the 
beam at a location that is an optical image of the stripping magnet 
as suggested by the Los Alamos group /25/. 
Gradient stripping magnet 
The cross sections for the Lorentz stripping of one electron from H 
is now well known over ten decades of magnetic fields /26/. The magnet 
should be designed so the fringing field is assharp as possible. Es-
sentially no stripping occurs for fields below 0.4 T whereas stripping 
is immediate for fields araund 2 T. The designs at Los Alamos for a 
magnet with a peak field of 1.8 T indicate that the longitudinal dis-
tribution in stripping location associated with a gap of n cm results 
in an additional angular spread for 800 MeV ions of n mrad in the plane 
normal to the field /27,28/. At 1100 MeV, thQ spread is 30% ofthat at 
800 MeV /26,29/. This additional:spread in angle causes an increase in 
the beam size at the stripping foil and also causes an increase in the 
exit width of the (unstripped) neutral beam that must be taken from 
the foil to an external beam dump. 
Pulsed lnjection magnets 
The function of the pulsed injection magnets is to displace the equi-
librium orbit as a function of time in order that there be a uniform 
filling of the betatron phase spaces. This is desirable as the number 
of passes of an ion through the stripping medium is minimized. 
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The most direct and economic way of achieving this function is to place 
a pulsed magnet at positions that are 1/4 betatron wavelength ahead and 
behind the foil. If this is to be done in both planes then four such 
magnets would be required. It is difficult to find free locations sa-
tisfying this criterion in both planes. Also, because of the planned 
tune shifts, the position will change, and thus an additional pair of 
correction bending magnets is required if the betatron amplitudes are 
not to be increased. We have chosen to place pairs of pulsed bending 
magnets immediately an both sides of the foil with no other optical 
elements between /30/. In this way, the orbit displacement becomes in-
dependent of the betatron tunes. By rotating the magnet array, the 
equilibrium orbit can be moved simultaneously in both planes. 
In order that the equilibrium orbit can be displaced so as to pass 
through the foil as is planned for the first injected turn, four mag-
nets of 0.6 meters length and 0.6 T peak field are required /31/. 
Spiral injection 
In order to minimize the 'number of times each injected ion passes 
through the stripping foil (and thus minimize the heat deposition and 
multiple scattering), the filling will be done in a manner similar to 
that necessary for proton injection. A total of 658 turns will be in-
jected along a multiarmed logarithmic spiral (see fig. D2.2-7) in 
both transverse phaseplanes /32,33/. Ta achieve this loading, the 
stripping foil is located just beyend the periphery of the full beam 
in both planes. The equilibrium orbit is moved by pulsed injection 
magnets so it passes through the foil at the start of the injection 
process. The fields in these magnets are then reduced in proportion 
to the square root of the injected turn number. Simultaneously, the 
tunes in both planes are shifted in proportion to the reciprocal of 
the equilibrium orbit deflection. Much of this shift will come from 
the Laslett tune shift, and the balance will come from changing the 
quadrupole fields. Unlike the case for proton injection, failure to 
meet these criteria exactly merely results in a slight irregularity 
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in the nurober of passes through the feil t~at the injected iens make. 
The program of the pulsed magnets may be changed to vary the leading 
of the phase spaces. Achieving this, control of the ring parameters 
should be much easier than for injection into a synchrotron because 
the ring runs at a constant field, and that field is much higher than 
that for synchrotron injection. 
The method here outlined yields a uniform charge density in both the 
radial and the vertical phase spaces. This yields the "waterbag dis-
tribution" of Ehrman /34/ and dePackh /35/. Sacherer shows that the 
tune shifts with this distribution are slightly nenlinear: 8% greater 
than these for a uniform distribution at the edge of the beam and 
27.3% greater at the center ef the beam /36/. The tune spreads for a 
Gaussian distribution are 150% greater than for the waterbag distribu-
tion. 
Stripping feil 
Stripping efficiency: At 1100 MeV, the cress section for stripping 
on carben of incoming H ions is 8.04 x 1o-19 cm2 , whereas that for 
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stripping 1100 MeV neutrals to protons is 2.77 x 10 /37,38/. As the 
injectien method prevents the beam from passing through the foil more 
than a few times, a thick foil that yields very high stripping effi-
ciency is recommended. For example, a 800 ~g/cm2 foil will let no ne-
gative ions through, and only fifteen in a million incoming ions will 
not be stripped to protons. 
Because of the spread due to the gradient magnet and that due to the 
residual tail in the intensity distribution, there will be a fractien 
of the incoming beam that lies nearer the equilibrium orbit than the 
thick foil (which is sized to intercept only the bright portion of 
the beam plus the outer tails) • A thin foil placed te intercept this 
fraction of the beam will strip with acceptable efficiency. This foil 
will intercept a substantial nurober ef previous turns and thus must 
be kept thin to avoid excessive heating. A thickness of 50 ~g/cm2 will 
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strip one half of the incoming tail to protons with roughly 5% of the 
heat deposition per particle of the thick foil. 
Heat deposition: The 500 ~sec of beam represents essentially an im-
pulse heating of the foil whose temperature then diminishes somewhat 
by thermal radiation during the 9.5 msec interval to the next burst 
/39/. For the !KOR parameters, assuming acceptable temperature cycling, 
the mean temperature of the foil is given by T = (Q/A) 0 •25 x 1816 (°K) 
where Q/A is the heating intensity in Joules/cm2 /40/. The temperature 
difference immediately before and after the burst is just the heating/ 
intensity divided by the·product of the foil thickness (g/cm2) and 
mean specific heat. With the thick foil, each proton passage yields 
1521 eV to the foil whereas the stripped electron yields 1266 eV to 
the foil. Assuming there are, on the average, 4 foil traversals for 
each entering ion, and assuming that 100 nsec of beam is chopped in 
the linac for each injected turn, the t~tal heating per burst is 0.32 
Joules. If the beam spot is 1 cm2 then the median temperature is 
1099 °C, and the cycling range is about 207° (max. temp. is 1202°). 
Foil fabrication: Stripping foils are made commercially. It is plan-
ned to have the foils made with varying thickness so that the density 
of heat depositionwill be constant over the surface of the foil. 
This is desirable to eliminate the thermal stress caused by tempera-
ture gradients within the foil. 
Foil lifetime: Little experience exists for lifetime of carbon foils 
at the energy and intensity of IKOR. However, the stripper foil used 
at the TRIUMF cyclotron lasts for months (indefinitely) where it is 
subjected to continuous bombardment of 550 MeV H ions at currents of 
100 ~Amps or more /41/. It is generally accepted that the foil life-
time is a function only of the total deposited energy, and thus one 
would expect the lifetime of the foil in the accumulator to be of the 
order of 1% of that in TRIUMF. The planned minimal temperature cycling 
and lack of temperature gradients should minimize mechanical damage. 
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Activation: At the injection energy, the total cross section is 
about the geometric cross section, 0.280 barns /42/. Fora thickness 
of 800 ~g/cm2 , the fraction lass per foil traversal is 1 part in 
89000; if we assume an average of four traversals per entering ion, 
12 
the beam spilled is 4.5 ~ which is 1.4 x 10 nuclear events per se-
cond. This is slightly more than the production assumed in the LASL 
report /39/; after two hours, about 4 Curies of c11 will have been 
produced. Scaling this result, we expect 64 mCi of H3 to accumulate 
in the ring in a year. 
Stripping by laser beam 
The charge exchange mechanism H- + H0 + proton by application of laser 
beams has been considered /60/. However, with present technology, this 
method seems to be not applicable. 
2.2.5 Effect of space charge and image fields, counterm8asures~ 
Emittance and incoherent tune shift 
For establishing the beam emittance and the tolerable tune shift we 
will use the results of /42/. According to Laslett /43/ the minimum 
emittance for a given number and energy of protons and for a given 
lattice structure is essentially determined by the tolerable shift ~Q 
of the nurober Q of betatron oscillations per turn. The geometry of 
the vacuum chamber comes in via the image fields. Definite require-
ments concerning the cross-section of the chamber are also found out 
by coherent stability considerations. The geometry chosen in table 
D2.2-2 fulfils both requirements. 
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chamber beam width beam height chamber dimensions 
section length max. min. max. min. width height ~) 
m cm cm cm cm cm cm 
I 4.60 6.9 5.8 1.7 1.0 9.00 2.65 
II 4.60 5.8 3 .o 3.6 1.7 8.85 4.60 
III 4.60 3.2 2.3 4.3 3.1 6.15 5.25 
IV 4.60 5.6 3.2 3.1 1.4 8.60 4.10 
~) 
without regard to closed orbit distertian 
Table D2.2-2. Half diameters of the elliptic cross-section of the 
beam and of the vacuum chamber of a ring period. The 
ring period is divided in four equal sections I to IV. 
The tune shifts ßQ~ and ßQV cannot be chosen independently since a 
minimum distance of the working po~nt to the adjacent stop band must 
be maintained (see fig, D2.2-1). Basedan experience /44/ ßQH = 0.21 
and ßQV = 0.37 were taken as upper limits. A ratio e:H/e:V = 3 was taken 
for horizontal and vertical emittances in order to achieve reasonable 
values for the apertures in bending magnets and in lenses. 
The emittance after Laslett is calculated from these initial condi-
tions but with the following refinements: The local horizontal and 
vertical half diameters of the beam are selected by emittance and lo-
cal betafunction. In addition, a weight factor G is introduced which 
takes the transverse particle density into account, f.i. G = 1.55 if 
the density decreases quadratic~lly from the center to the edge or 
G = 1.0, respectively, if the density is constant. Thus, for the ver-
tical emittance, we obtain 
= 
2 
'TT y 
ßQJ3'TTß2y 
{----
Nr G 
0 
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with the ratio B average over peak longitudinal proton density = 0.89, 
chamber height h and gap height h8 of the bending magnet. The bending 
radius p of the magnet determines the weight of the last term inside 
the bracket, according to the length of the magnets related to the 
circumference of the ring. The values E1 and E2 are geometrical para-
meters according to Laslett. The betafunctions follow from computations 
concerning the lattice structure (see fig. 02.2-3)-. Fig. 02.2-9 shows 
the emittances calculated in this way. Under the assumption that the 
transverse density during filling is time dependent but not dependent 
from position we choose EV = SO TI mm mrad as vertical emittance 
(G~ 1.2}. 
The horizontal and vertical tune shifts are calculated with the so de-
termined emittance. In addition, the influence of the momentum sp~ead 
ßp/p is taken into account. The momentum spread increases the horizon-
tal beam radius a by ßa = a ßp/p. Supplying a by a + ßa in the formula p 
given by Laslett and taking into account the changes described above 
we obtain the results listed in table 02.2-3. 
The expected values of momentum spread and weight factor shift the 
Q-value by an acceptable amount. Within the frame of our considerations, 
the momentum spread leads to a more stable behaviour of the beam. Ad-
ditional tune shifts which are produced by correction sextupoles and 
octupoles should stay below 0.10. 
ßp/p ßQH ßQV ÖQH ßQV 
o/oo G = 1 G = 1.55 
0 0.104 0.223 0.162 0.345 
2 0.081 0.206 0.126 0.319 
4 0.067 0.193 0.104 0.299 
Table 02.2-3. Tune shift with momentum spread 6p/p 
t 
Ev 100 (Ttmm 
m rod] 
50 
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Fig. D2.2-9. Dependance of emittance (Ev) on incoherent tune shift 
for two typical weight factors.(EH/Ev = 3). 
Transverse stabilization 
Through coupling by the vacuum chamber or the kicker magnet transverse 
forces may act upon the beam leading to instabilities. Under the gi-
ven conditions, the beam cannot be sufficiently stabilized by Landau-
damping /45/ because the required tune spread (horizontal and verti-
cal) would shift the working point into stop bands. Therefore, the rise 
times of instabilities must be sufficiently slow (TT ~ 1 ms) in order 
to keep the beam stable during filling. 
The rise time TT /45,46/ 
with 
T 
T = 
k 'IT Q X 
R.r I c p 
. 2 9 k = 4m
0
c je= 3.75Xl0 v, R.r = transverse resistance, and 
Q = nurober of betatron oscillations per turn 
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is calculated without considering the beam gap or the filling mecha-
nism. The beam gap adds to the attenuation of possible instabilities. 
The beam current I shows full intensity at the end of the filling p 
only, thus also the rise time reaches its smallest value only at the 
end. In this way, both effects are estimated to the safe side. Their 
exact calculation, together with the determination of the shortest 
acceptable rise time, could essentially contribute to a more precise 
result of the following considerations. 
Vertical stabilization: Vertical instabilities are not excited by the 
kicker magnet /47/ but only by the vacuum chamber. The rise times fol-
low from the resistance RTW of the chamber /52/: 
= 
- -3 R • h • 
-2 R Z 
0 
(h = height of chamber, cr = conductivity of chamber wall). 
Fig. D2.2-10 shows the rise time for a steel and a copper chamber, 
respectively. With a copper chamber these values remain sufficently 
long for the higher modes. For the lower modes with rise times below 
1 ms an active damping system /48/ must be provided. By this, the 
first 8 modes (until 4.8 MHz) are stabilized. 
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Fig. 02.2-10. Rise time of vertical instability and related chamber 
resistance RTW (n = mode number). 
Horizontal stabilization: Here, in addition to the chamber, the kicker 
magnet is destabilizing. For calculations of the transverse resistance 
' 
RTK of the kicker magnet we use the method proposed in /49/. In addi-
tion, permeability and conductivity of the ferrite material are taken 
into account /45,46/. For the resistance RTK we obtain /51/ 
-h 
z2 2 -
k 
0 sin ( (n-QH) Q,/2R) s 
R = 8 4R 
e 
• • 
[1 + 2::]
2 TK ZK h2 (n-QH) 
K 
(s = frequency dependent effective ferrite thickness; Rp and RL = re-
luctance of the gap or yoke, respectively) • 
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Fig. 02.2-11 shows the rise times calculated by this way, with atten-
tion to the transverse horizontal resistance of a copper chamber. For 
reasons of safety, horizontal instabilities with rise times below 1 ms 
should also be attenuated.Mode numbers n = 1 until n = 15 are concer-
ned among these, which corresponds to a maximum frequency of 15.5 MHz. 
A damping system is feasible for these frequencies /48/. 
• • • 
• • •• 5000 •••• 
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Fig. 02.2-11. Rise time for horizontal instability and related resi-
stance RTK of the kicke~magnet. 
Longitudinal stabilization 
For machines which operate with small momentum spread and heavy cur-
rents it is not possible to maintain longitudinal stability (without 
electronic damping system) /45/. Ho •t · 
wever, ~ ~s possible to achieve 
sufficiently lang rise times for the instabil~t~es. w~th 
.... .... .... capacitive 
0.5 
1 
2 
5 
10 
20 
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beam equipmcnt interaction,the particle energies must be below the 
transition energy and the resistances which act upon the beam must 
be sufficiently small /45/. Beam equipment interaction of capacitive 
behaviour is to be expected for the smooth vacuum chamber in the pre-
sent case. 
The rise time of instabilities is given by the following equation 
/SO, 64/: 
= 
~.rr·ylxL+!!..L 
I 2 n•n 2 I p p 
with the values R 
2 
= Rw + RK (see below) , .k = 4m0 c /e = 
proton current I = 66 A and mode number n. p 
4•938 MV, the 
The most important parameters which influence the rise time are: 
a) the longitudinal reactance ~· defined by the vacuum chamber and 
the smallest half diameter a of the beam /52/ 
= n (t + ln b ~) a 
For exact results with elliptic walls an appropriate equivalent 
radius b instead of the ordinary radius for circular geometry is 
e 
introduced /51/; 
b) the longitudinal resistance Rw due to finite conductivity cr of 
the wall /52/ 
= 
b = h = the half height of the chamber For a conservative estimate 
is chosen. 
- 38 -
c) The longitudinal resistance of the kicker magnet /49,51/ given by 
= 
2 -
sin (ni/2R) 
where hK = 0.09 m is the kicker aperture, ~ = 0.45 m the magnetic 
length and z = 50 n the characteristic impedance of the kicker 
magnet. 8 equal kicker modules are assumed with matched output 
(see sub-section 2.3.2). The longitudinal resistance depends on 
the lateral displacement x of the beam for which a maximum value 
x = ±1 mm is chosen. Fig. 02.2-12 shows the resistance and the 
rise times calculated for the example of a steel chamber including 
kicker magnet. The rise times of these instabilities are not dan-
gerous. A copper chamber would increase the rise times by a factor 
of about 8. 
f 
c 
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Fig. D2.2-12. Rise time for longitudinal instability and related re-
sistance of vacuum chamber and kicker magnet. 
Increase of momentum spread and consequences 
Momentum change: The results of investigations concerning coherent 
effects /53/ are summarized in the following sections (changes of the 
cross section of the particle beam as a whole due to self-excited 
electromagnetic forces) • Common to all these effects is a gradient in 
longitudinal particle density distribution which in proportion gene-
rates an electric field. This field changes the momentum of the par-
ticles which in turn influences the radial and longitudinal position 
of particles. The bunch of particles becomes elongated and skewed 
(fig. D2.2-13). 
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Fig. 02.2-13. Radial and longitudinal distortions of the particle 
bunch by the gradient of the longitudinal density 
(qualitative presentation) • 
The longitudinal electric field at position P, generated by the lon-
gitudinal density gradient 
= 
c X(t,P) 
2 'TT y2 
is indicated here as function of the position and time dependent re-
actance X(t,P) = ß y2 XL(t,P)/n and charge density A(z,t). The momen-
turn change with time, proportional to the force 
L~= 
at P 
eE 
z 
ßym c 
0 
2 X(t,P) c 2 dA 
3 dZ ß y k 'TT 
z 
. .. 
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can be calculated in this way. From this follows a radial particle 
velocity v of y 
V y = = 
a ät ßp/p 
with the momentum compaction factor ap (= orbit displacement related 
to b.p/p = 1). 
The Change ßv of the longitudinal Velocity V follows from the calcu-
lation 
= ß c Tl .L~ at P 
where Tl = h - 4--
y ytr 
The momentum change thus influences the bunch structure. 
Considering first the case Tl = 0 (particle energy = transition energy) 
where also particles of small momentum deviation maintain their revo-
lution frequency one sees that here also the longitudinal density di-
stribution remains contant. Changes of particle momentum by the density 
gradient result only in a radial orbit displacement i.e. the bunch is 
only skewed. 
In the case of deviation from the isochronaus condition the length of 
the bunch changes in addition. If the interaction between beam and equip-
ment is of capacitive nature and if the particle energy is below the 
transition energy then the behaviour of the particle bunches is mainly 
determined by·coulomb forces. In this case an increasing momentum leads 
to an increasing revolution frequency and the bunch of particles becomes 
langer. 
Above the transition energy an increasing momentum leads to a smaller re-
volution frequency and the particles of a bunch approach each other. The 
particles show reverse behaviour with respect to the transition energy 
if the beam equipment interaction is mainly of inductive nature. 
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Landau damping by large momentum spread could prevent self-bunchinq of 
the particles. However, the momentum spread in our case is not suffi-
cient to reach a sufficient amount of attenuation. There are ~ possi-
bilities to avoid this selfbunching: 
i) capacitive beam equipment interaction below transition energy 
ii) inductive interaction above transition energy. 
Since a smooth vacuum chamber acts in the capacitive sense we have 
chosen this first possibility. In this case additional components 
of inductive behaviour in the system must not prevail the capacitive 
part. 
Momentum change within the microbunch: Because of the very high 
charge density in the microbunch the momentum range within a particle 
bunch changes relatively much. For an estimate of the increase in mo-
mentum the gradient is expressed by a form =actor F and by the length 
T~, a measure for the length of the bunch: 
a>.. q • F 
2 T~ 
(q = charge of the bunch) 
Our investigations have brought results for the assumption that the 
form factor F(z/T~) is time independent and that the bunch is only 
lengthenedbut maintains its characteristic shape*J. In this case the de-
velopment of T~ with time can be calculated in a simple manner. Due 
to the increasing momentum spread the particle bunch shows rapid dila-
tation and the space charge forces diminish. Thus there is an upper 
limit for the momentum spread /53/ (T~0 = initial width of the bunch,. 
in this case 4T~0 = 0.125 m): 
*) 
~ ( p)final 1 
vT 
~0 
However, the validity of this assumption is limited (see latest 
comments in /53/, p. 17). 
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If the charge of the bunch is described by a Gaussian, with time de-
pendent width T~, a particle in the region of the maximum gradient re-
o 
ceives a momentum change of 3 /oo (see fig. D2.2-14). For this case 
n = 0.01 has been chosen. In order to limit the increase of momentum 
spread this should at the same time be the lower limit of n. A radial 
displacement of ~R = a • ~p/p = 0.023 m which does not lead to 
max 
particle lasses with the chosen geometry, results from the momentum 
spread of 3.3 °/oo. The investigation of this phenomenon is continued. 
First results indicate that the approximation has given a momentum 
spread which is somewhat too large. As shown by the results obtained 
so far, high local charge densities are rapidly spread out, in any 
case, by the space charge effect. 
Momentum change in the macrobunch: The following assumptions which 
are discussed in more detail in /53/ were made for the calculation 
of the momentum change of the end of the filling: 
The charge density A(z,t) is split into a position dependent and a 
time dependent part, A(z,t) = q(t) • f(t). The time dependent part 
grows proportionally during filling. The position dependent part re-
mains constant over a large range, both tails are approximated by 
Gaussian distribution or by a cosine distribution. The reactance has 
been calculated for an elliptic chamber /51/ with a beam radius a = a (t) 
growing as the square root of time /20/. Then, for the momentum at 
the end of the filling time TF follows 
= J 
0 
X(t,P) dA dt dZ 
The integration has been carried out with the assumptions mentioned 
above, leading to the result 
= 
for Gaussian distribution 
for cos 2 distribution 
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Fig. D2.2-14. Momentum spread 6p/p and length ~ of a microbunch as 
a function of time, due to space charge forces. 
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in the region of the maximum gradient of the distribution. With this 
increase of momentum one obtains a radial displacement of ~ = 
a ·~p/p = 2.9 cm, which is still just acceptable for the vacuum max 
chamber. 
Longitudinal displacement: The CERN experiment /54/ has shown that it 
is possible to maintain a stable bunch structure near ytr" In section 
'momentum change in the microbunch' a value of n = 0.01 has been cho-
sen as minimum distance. On the other hand, this distance should not 
be increased either, since the longitudinal void for ejection would 
close too rapidly. As an upper limit, a maximum particle displacement 
at each end of ~z = 6.9 m follows from the rise time of the ejection 
kick of 50 ns (equivalent to 13.3 m) and from the beam void of 27.1 m. 
The value ~j ßz follows from beam dynamics calculations as 
~z = ß c f n ~p/p dt, where n and ßp/p are time dependent. The time 
-2 -2 
dependence0 of Öp/p follows from integration/53/. For n = Y -ytr and 
nominal values n
0
, y
0
, y we have tro 
2 
y = y + ~y = y (1 + ß ßp/p) 0 0 0 
f (z) ) ßy t ± 0 y (t) = Ytro + ßytro TF ( 1 - f A Ytro yo tr max 
Here, ~y signifies a shift of the transition energy (for t = TF), 
tro 
resulting from space charge (see fig. D2.2-15). This shift is propor-
tional to time and is chosen such that the value for Ytr = ytro re-
mains unchanged for particles in the region of maximum space charge 
(f(z) = F ) • The shift has to be compensated by rapidly varying 
max 
quadrupole fields (see sub-sections 2.2.2and 2.3.1) · 
As maximum shift ßytro = 0.1 has been assumed, an estimated value 
which has tobe checked /55/. The ratio A = (ßytr/Ytro)/(ßy/yo) is 
approximated by the natural chromaticity ~ = -1 (~ ~ A, the influence 
of A has been neglected in fig. D2.2-15 for reasons of simplicity). 
46 -
Ytr -----,---- --~--
....--..~- --6.Ytr o- --......-~----
___________ ........... 
z 
t= TF 
O<t<TF 
t=o 
Yo=2.172 
Fig. 02.2-15. Shift of the transition energy Ytr during filling. The 
transition energy Ytr(t) is increased in a programmed 
way during filling (dashed lines) in order to compen-
sate the shift of Ytr caused by space charge. The con-
tinuous lines show Ytr<z) along the circumference for 
3 different times (t = o, 0 < t < TF and t = TF). The 
distance Ytro-Yo is kept constant, Ytr-Ytro shifts 
with increasing accumulated charge (Ytro = 2.226, 
6Ytro = 0.1) • 
The longitudinal displacement 6z can be calculated from the values 
selected in this manner. 
Particles in the region of the inflection point of the density distri-
bution experience maximum shift in momentum. If only the macrobunch is 
considered, one obtains 6z = 2.5 m. This displacement is not critical 
because the inflection point is located at 10 m distance from the end 
of the charge distribution. If the displacement in the microbunch is 
calculated as a consequence of the momentum increase 6p/p = 3.3 °/oo, 
we obtain 6z = 8.3 m with conservative assumptions. 
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2.2.6 Ejection 
The ejection concept provides in principle an extraction efficiency 
of 100%. This is made possible by a vqid in the circulating beam which 
allows time for the extraction kicker magnet to rise to full field 
strength without disturbing the circulating beam. The void is provided 
by the time structure of the current pulses received from the linac 
and maintained by the isochronism of the ring. 
As mentioned in sub-section 2.2.2,one reason for choosing the distri-
buted triplet lattice is its suitability for extraction which can be 
made within one cell without any special ring elements. 
The IKOR ejection section,with its most important component~ is shown 
in fig. 02.2-16. The kicker magne~ with an effec~ive length of 4 m, is 
placed with its center 3m downstream from quadrupole lens Q01. It 
creates a horizontal kick of 11 mrad which is enhanced by the horizon-
tally defocussing quadrupole lens Q02 to 20.6 mrad (see fig. 02.2-17). 
In Q02 the center line displacement of the extracted beam from the 
circulating is 4.5 cm. The Twiss parameter SH' in the middle of the 
kicker magne~ is about 10 m. 
A septum magnet,with an effective length of 0.8 ~ is placed with its 
center 1.6 m upstream from the'bending magnet. At the entrance of 
the septum magnet the beam center line is displaced about 13.5 cm and 
the separation between the extracted and circulating beams is 3.8 cm. 
This allows space for a substantial septum magnet coil of 2.2 cm 
width and a clearance to the beams on each side of about 0.8 cm. With 
a field of 0.985 T in the septum magnet an extraction angle of 8.66° 
is achieved. As the extracted beam is strongly horizontally defocus-
sing, a horizontally focussing gradient of 0.5 T/m in the septum mag-
net is needed. The beam envelopes for different gradients are shown 
in fig. 02.2-18. 
After leaving the septum magne~ the ejected beam passes partially un-
der the coils of the open side of the ring bending magnet (which has 
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a "C" magnet configuration). In this region,some local magnetic shiel-
ding of the extracted beam and some field shimming of the bending mag-
net will be required. Kicker and septum magnets are described in sub-
section 2.3.2. 
Space charge effects are expected to cause some radial deflection of 
the head and tail of the circulating beam bunch, which could cause 
some beam loss on the septum. A narrow beam-stopper shield will be 
provided ahead of the septum coil. 
1
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Fig. 02.2-16. IKOR ejection section 
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Fig. D2.2-17. Influence of the kicker magnet for a 10, 11, and 12 
mrad kick (curve 3, 2, and 1). The kick is enhanced 
by QD2 to 18.7, 20.6, and 22.5 mrad. The distance be-
tween curve 4 and any of the others is the distance 
between the extracted and circulating beam. For an 
11 mrad kick it is 3.8 cm. 
5 
- 51 -
;-------, 
Q02 ss B 
Av (cm) 
1 
2 
3 
(m) 
Fig. 02.2-18. Horizontal and vertical amplitudes AH and Av of the 
beam for a horizontally focussing gradient of o, 0.50, 
and 0.83 T/m, (curve 1, 2, and 3) in the septum magnet. 
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02.3 Machine components 
2.3.1 Bending magnets, quadrupole lenses, correction elements, and 
injection magnets 
General 
As a general rule, the design of machine components to be located in 
the ring will be as simple and reliable as possible consistent with the 
machine requirements. A minimum amount of equipment will be located in 
the ring tunnel. The components will be constructed of materials resi-
10 
stant to an accumulated radiation dose greater thean 10 rads (see 
sub-section 2.5.2). This generally limits materials to metals and cera-
mies. All ring components will be designed to be removable by a remotely 
controlled crane (see sub-section 2.5.3). Utilities connections can be 
withdrawn and intalled through protected passages through the shiel-
ding. 
There are three proven techniques for mineral insulated coil windings 
now in use at accelerator laboratories: mineral powder in a thin cop-
per jacket (e.g. Pyrotenax used in SIN quadrupoles), plasma sprayed 
alumina (used on the SPS quadrupoles at CERN) • These techniques are 
adequate for the ring components, but new developments may permit an 
improvement in cost and performance. 
It is likely that more than half the circumference of the ring, those 
sectors that do not include injectian, extraction, nor collimators, 
will experience a lower radiation dose significantly below that esti-
mated in sub-section 2.5.2. However, consideration of the economics of 
design, fabrication, provision of spare units, and reliability indi-
cates that all components of one type should be identical. An attempt 
to reduce costs by making some components not radiation resistant does 
not appear to be justified. This is especially true of the quadrupoles 
whose fields must change according to program within the o.S ms accu-
mulation time. They may be series connected and must have identical 
field characteristics as a function of excitation current varying with 
time. 
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Bending magnets 
Thebending magnets have to produce a steady dipoie field of 1.3 Tesla. 
Although the field is constant, the yokes will be coarsely laminated 
to allow prompt field stabilization at start-up. The laminations will 
be assembled on a curved fixture and welded to steel straps on the 
outer yoke surfaces. The laminations will be embossed near the outer 
radius sides so the fanning effect will keep the laminations and the 
magnet ends normal to the proton beam. Because the field level is sub-
stantially below the steel saturation level, the flux will spread from 
the lamination and produce a uniform field in spite of the tapered 
gaps in the pole face. No field gradient is planned. The yoke will se-
parate at the magnet midplane to permit assembly to the coils. 
The coil cross-sectional area provides for a moderate current density 
and power consumption. Extra space has been allowed for insulation by 
cement impregnation. 
The front view of the !KOR bending magnet with main coil is schemati-
cally shown by fig. 02.3-1. Table 02.3-1 contains data referring to 
windings, power requirements and weight. The main parameters of the 11 
bending magnets are listed in sub-section-2.2.1 (parameter list). 
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orbit curvature radius = 4643 lo4--
dimensions in mm 
1036 
Fig. 02.3-1. Front view of an IKOR bending magnet, schematically 
(dimensions in mm) 
Table 02.3-1. Supplementary data on.IKOR bending magnets 
nurober of turns 
current 
conductor size 
conductor cooling hole 
conductor current density 
mean turn length 
resistance (80°C) 
dissipated power 
weight copper 
steel 
2 X 12 
4710 A 
33.5 x 33.5 mm2 
11.5 mm dia. 
4.6 A/mm2 
7.95 m 
per masnet 11,each in 
4.33 m.Q 47.6 mn 
96 kW 1.056 MW 
1. 75 Mp 19.25 Mp 
8.62 Mp 94.8 Mp 
series 
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Quadrupole lenses QF, QD1 and QD2 
For the reasons a~ready mentioned, all quadrupole lenses will be made 
identical. Generation of a (maximum) field gradient GQ =3.5 T/m (see 
f ig. D2. 2-5) wi th a distance 2r = 210 mm of the pole pieces requires 31000 
2 
ampere turns (= r GQ/~0 ). The inductance L with w windings and with the 
length 2E ~ 0.3 m of the iron yoke, effective length 2eff = 0.4 m is 
2 2 2 
approximately ~02eff w a /r , where a is the distance of the head of 
the coil from the axis of the quadrupole. Fora- 1.4 r and w = 1 we 
obtain L ~ 1 ~H. With a rapid variation ~GQ of the gradient during the 
!KOR filling procedure, for instance ~GQ = 1 T/m in o.S ms, the induced 
valtage for w = 1 ist about 18 v. In order to make the cross section of 
the conductor and thus the lasses and cost, respectively, of connecting 
cables small, about 100 windings would be desirable. Then, wi th the same 
same number of ampere turns and ~GQ the induced valtage per lens rises 
to 1800 volts, for 11 lenses in series to 20 kV. This must be considered 
. as much too high for the insulation even with the middle of the quadru-
pole chain at ground level (10 kV conductor against yoke). 
Therefore, a decision is to be made concerning the feeding circuits 
with arapidly varyinggradient, between ·series connectdlon of all (or se-
veral) quadrupole lenses (of a type) with small number of windings (and 
thick connecting lines) or individual feeding of quadrupole'lenses, 
each having a larger number of windings. Under the aspects mentioned, 
• 
at least for the types QF and QD1, it seems indicated to prefer indivi-
dual feeding- The equality of quadrupole excitation currents with in-
dividual feeding can be secured within the required tolerances of about 
10-3 (see sub-section 2.2.3). With individual feeding circuits there 
will also be smaller stray fields of the feeding and ground connections 
and more favourable solutions for r~e design of the plug-in contacts 
situated in the ring tunnel. 
The main demensions of an IKOR quadrupole lens are about 0.6 m length 
including coils, and 0.9 m outer diameter for the laminated iron yoke. 
The lens is composed of 4 essentially equal parts each carrying a coil 
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of, for instance, 42 turns (= w/2). Ideas for the detailed design, 
which is still open, may come from existing quadrupole types with large 
accelerators (e.g. DESY and CERN). 
The dc power requirement per lens is araund 10 kW for a stationary 
field of 3 T/m (e.g. QD2, estimated coil resistance about 0.1 n, cur-
rent intensity 310 A, conductor cross section ~ 60 mm2 '. With the Su-
perposition of a pulsed gradient of ßGQ = 1 T/m the stored energy in 
a lens varies between 600 J maximum and 300 J minimum (at 3 T/m. average 
value). Thus, during the pulse duration of 0.5 ms, 600 kW of pulse power 
are required. Cycling lasses of a few percent and a duty factor of 5% 
give, as an order of magnitude, 1 kW additional average lasses. 
Within given initial and final values, the shape of magnet current pul-
ses is specified with an approximation, however, the relative field de-
viations of individual magnets must be kept very small. It is proposed, 
as a SOlution to the problem, to excite the quadrupole lenses, and in-
jection magnets in resonant circuits of a harmonic frequency of the 
pulse repetition frequency of 100 Hz (for instance at 300, 400 or 500 
Hz /1/). By adjustment of the amplitude and phase, a section of the sin 
curve matched to a desired function may be used, adding a dc component 
if necessary (see fig. 02.3-2 and D2.3-3). This mode of pulsed magnet 
power supply is comparable to the magnet power supplies of circular ac-
celerators operating with high repetition rate. Eventually, by inser-
tion of suitable switches, idle oscillation periods or half periods may 
be suppresses, thus reducing averagepower and cooling requirements. 
More detailed investigations of the matter should be planned. 
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10ms 
Fig. 02.3-2. Typical example of a current pulse generated by a 400 Hz 
sinusoidal oscillation and a. oc component. 
lstwf'rt 
"+--~-- ( t) 
-
control I-
A 
control I-,4> 
quadrupole winding 
bypass capacitor 
DC generator 
resonant circuit capacitance 
(adjustable) 
transformer with air gap 
AC generator 
Fig. 02.3-3. AC and DC excitation scheme for quadrupole lenses and 
injection magnets. 
- 62 -
Injection magnets and correction elements 
The four injection magnets situated in the IKOR injection section (see 
fig. 02.2-8) are to be designed for a fast varying field (between 
0.6 T and zero) with a useful aperture of 100 mm height and 200 mm 
width. Their magnetic length is 0.6 m. The required amount of ampere 
turns for 0.6 T is 48000 A, the inductance perturn is about 1.5 ~H. 
From this follows a maximum stored energy of 360 J, an imaginary power 
requirement of 180 kW for resonant operation at (e.g.) 500 Hz and a 
few kW power losses per magnet with a favourable design of the coils. 
~hese magnets are operated in a vacuum tank. Their operating voltage 
is near or below 10 kV. 
The layout of the correction elements is roughly sketched in sub-sec-
tion 2.2.3. The cross section of a correction element is schematically 
shown in fig. 02.3-4, in analogy to a design at CERN /2/. 
sextupole 
winding 
octupole 
winding 
dipole winding · 
Fig. 02.3-4. Cross section of correction element, schematically 
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2.3.2 Ejection kicker and septum magnets 
Particular priority is assigned to oparational reliability and radia-
tion safety with the technical design of the !KOR ejection equipment. 
Under this aspect an early beginning of prototype work seems conve-
nient. 
Ejection kicker magnet 
The kick K which puts the circulating beam into the ejection channel 
of the septum magnet can be generated, as is known /3,4/, by a kicker 
magnet carrying a single winding. The minimum product current intensi-
ty x length (Ii) for a kicker magnet (with negligible stray field) 
must be 
(Ii) . = 
m~n 
::: 4.3 kAm 
for K = 10 mrad as example and reference value, 
h = vertical kicker aperture = 90 mm, and 
PP = particle momentum = 1.8 GeV/c. 
~ The inductance of the kicker magnet per unit length, L/i = L is equal 
to the permeability of free space, ~0 = 0.4 ~ ~/m, multiplied by ~ 
the aperture factor width b over height h, thus L = ~ b/h. From the 
0 
so determined product LI = bKp /e (which is 10.8 mvs for b = 180 mm) p 
and the rise time TK of 50 ns a minimum valtage can be derived which 
must act on the inductance: its value is LI/TK_which would be about 
200 kV (independent of the total length i). Practically, this value is 
inconveniently high and can be reduced to a reasonable oparational va-
lue by subdividing the kicker magnet into several short modules. With 
the choice of 8 modules proposed as a reference layout, each having 
1/8 of the total inductance the individual modules can be operated in 
the range 25 to 30 kV /5,6/. 
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The discharge of high-valtage L/C-pulse forming networks is a proven 
method for generating kicker pulses of constant current (low ripple 
and overshoot, etc.), the L/C-circuits representing sections of lines 
or. being built according to the principle of lines /7/. In simplified 
form such a system is shown in fig. 02.3-5. With the current I a val-
tage U = IZ appears on a module. The characteristic impedance Z of the 
system has to be chosen so low that the loading valtage of the network 
(2U) lies within safe operational limits of the applied switch. Low 
characteristic impedances in the range 10 to 50 Ohms are achieved only 
by an artificial increase of the capaci tance per uni t length, c*, on the 
kicker magnet (condenser plates arranged in cells, their own inductanc~ 
does also play a role /8/) and, thus, by a reduction of the wave pro-
pagation speed. The required capacitance c• increases proportionally, 
to the square of 1/Z, the propagation speed decreases linearly with 
smaller z. 
For the choice taken as reference /6/: 2U = 60 kV, z = 25 Q, 
I = 1200 A, one needs an effective total length of the kicker magnet 
of 3.6 m or 450 mm per module (with 8 modules). 
HV pulse forming network 
generator (cable) 
~ {L;; =Z vc; 
thyratron 
switch 
module 
kicker 
~ M
R=Z 
of 
magnet 
=Z 
Fig. 02.3-5. Generation of kicker pulses for beam ejection, schemati-
cally. 
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The magnetic field would be at 16.7 mT. With the aperture dependent 
value L~ = L/i = 25 nH/cm one arrives at c* = 1/25 nF/cm for z = 25 Ohm 
or 1.8 nF per module, wave propagation speed 1 cm/ns, filling time of 
a module 45 ns. Filling a module upstream or downstream with respect 
to the beam introduces an increase or a decrease of the kick, respec-
tively, by the electric field /6/, here a few percent. The available 
filling time variies in the opposite sense. 
Hydrogen or deuterium filled thyratrons. can be used as high valtage 
I 
switches between the individual PFN's and their kicker modules. A duty 
-3 
cycle of 10 and a pulse length of 0.8 ~s are common thyratron rates. 
A critical parameter may be the rate of current rise which typically 
is at 100 kA/~s /9/. Triggering the thyratrons of individual modules 
at slightly different times, i.e. with systematic deviation from the 
regular program, can be applied if necessary, in order to generate 
kicks of varying strength with time, e.g. for head and tail of a skewed 
beam bunch (see sub-section 2.2.5). For the same purpose, as a refine-
ment, individually differing loading voltages can be selected. Less at-
tractive, but also possible, are differing lengths of modules within 
the frame of limited filling time and of the total investment for the 
stabilization of the beam. 
The geometrical dimensions will be large when considering the pulse 
forming network and the nurober of equal units (see·fig. 02.5-2 on 
cross section of building) • The total volume would correspond to the 
installation at the CERN antiproton accumulator, this system operates 
at 80 kV loading valtage and using SF6 filled coaxial cables. The length 
of an unwound kicker cable of !KOR lies at about 100 m. The electrical 
length including the connecting section of the thyratron switch will 
be adjusted to half the beam revolution period T = 0.76 ~s. 
rev 
Evacuated sections of coaxial lines will connect the thyratrons with 
the kicker modules which are enclosed inside a tank of about 0.8 m 
diameter and 5 m length. This tank is designed for remotely handled 
installation and removal, with appropriate design of vacuum, current, 
signal, and cooling water connections, for installation in a narrow 
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specially radiation shielded area, similar to the CERN SPS target beam 
and beam dump magnets /10/. Much care must be devoted to this enginee-
ring task. 
The kicker modules themselves (see fig. 02.3-6) may be designed as 
symmetric double C-shaped ferrite magnets with radially oriented con-
denser plates, or as asymmetric c-shaped ferrite magnets. Subdivision 
into about 10 L/C-cells per module is c6nvenient at high capacitive 
loading for a sufficiently flat pulse shape. Cooling water channels 
are enclosed in the condenser plates in order to keep the inserted 
ferrite pieces below their Cu~ie temperature. The ferrite material 
should be specified for a cutoff frequency araund 20 MHz such that 
undesired higher modes of beam oscillations are attenuated /11/. The 
terminating resistors of the kicker modules can be mounted on the 
outer surface of the tank or may be connected, by additional connec-
ting lines, to the equipment tunnel. In case of symmetric magnets 16 
thyratrons and 16 feeding lines are required as a miniumum. 
The design of a kicker magnet without ferrite may also be worthwile 
considering. In this case, about twice the amount of current and 
comblike conductors are required for a sufficiently good dipole field 
/12/. Furthermore, modifications of the reference layout are possible 
such that the kicker modules are operated with short-circuited output, 
thus affering twice the current with a double filling time. 
a) 
forward 
conductor 
return 
conductor 
return conductor 
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ferrite 
forward conductor 
Fig. D2.3-6. Typical structure of a kicker module 
a) asymmetric C-shaped magnet (6 cells) 
condenser 
plates 
b) symmetric (double C) magnet with metallic separation 
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Septum magnet 
The septum magnet of IKOR (see fig. 02.3-7) has a c-shaped iron yoke 
of 0.8 m l~ngth. A thin water-cooled copper bar, the septum, acts as 
separation between the streng magnetic bending field in the gap and 
the field-free (better nearly field-free) region at the other side, 
where the proton beam circulates. The septum should be as thin as pos-
sible and must therefore telerate a high current density and withstand 
streng deforming forces. At the beam entrance it is 22 mm thick. Down-
stream the thickness may increase to th~ triple value. 
septum conductor 
of increasing 
thickness 
-----------("' + ......... ) 
~-'---""' 
circulating 
beam 
small 
stray field 
160 
-.;--,) 
..,.,"""'-..il~- ...l- - ....... 
ejected beam 
I 
135 
, 
field shape 
C-shaped 
iron yoke, ~0.6 MP 
dimensions in mm 
Fig. 02.3-7. IKOR septum magnet, schematically. 
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For a gap of 70 mm average height and a magnetic field of 1 T the 
septum must have a current of 67 kA. A small correction arises for 
the precise value which is influencedby the desir~ radial focussing 
gradient of 0.5 T/m in the ejection channel over its useful width of 
160 mm (variation of the gap height by about 13 mm). On the circula-
ting beam side, the magnetic field will be about 5 mT with additional 
shielding. 
The current density of the septum is 70 A/mm2 at the entrance, the 
power requirement·is of the order of 160 kW. For the engineering de-
sign /13/, there are a few practical examples /14,15/. 
2.3.3 Vacuum System_. 
The basic requirements of the ring vacuum environment are: 
1. the vacuum causes no significant disturbances to the proton 
beam 
2. the vacuum chamber provides the appropriate impedance and 
image current stability to the proton beam 
3. the chamber must be radiation resistant and the vacuum system 
must be serviceable in spite of high radiation levels expec-
ted near the beam in several sectors of the ring. 
Multiple scattering of the beam by the residual gas must be negligible. 
The following comparison provides a maximum allowable value of the va-
cuum pressure: the initially injected beam will make 658 revolutions 
through the residual gas and about 5 traversals of the stripping feil 
(800 ~g/cm2 ) • The scattering mass presented to the beam by the gas 
will be less than 1% of the feil if the operating gas pressure is less 
than 1.8 x 10-6 Torr of mass 28 molecules. 
An analysis for the SNQ Ring shows that the beam-gas-wall desorption 
which is dangeraus with lang time storage rings (e.g. CERN-ISR) will 
not be a problem /16,17/. 
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Throughout most of the ring circumference, the vacuum chamber will be 
round stainless steel tube with remotely operable flanged joints. To 
be radiation resistant, no elastomets will be used. A pressure of 
10-7 Torr or less will be achieved by an ion-pump and turbo-pump sy-
stem /16/. In the final design, cryopumping will be considered as a 
substitute for ion and turbo-pumps. Cryopumping is now economically 
competetive and has the advantages of being inherently fail-safe and 
of requiring only passive elements in the high radiation region. 
The detailed shape of the vacuum chamber with respect to requirement 
2 depends on the results of the beam dynamics studies. 
The chamber within the fast-tuned quadrupoles must allow the changing 
magnetic field to pass through the chamber while presenting a conduc-
ting surface to the beam to carry the beam image currents. Because of 
the large frequency difference between the image currents of 600 kHz 
minimum and the magnetic field of 500 Hz, a thin metallic coating on 
the inside of the ceramic chamber through the quadrupole may accomplish 
both functions. In addition, the neighbouring metal chambers must be 
connected to the magnet pole pieces by low inductance capacitors in 
order to attenuate sufficiently the radiation of rf fields by the cir-
culating beam /1/. 
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02.4 Beam transport system 
The general layout of the beam transfer channels Linac-IKOR and !KOR-
Target is schematically drawn in Fig. 02.4-0 (see also Fig. A1.6-6). 
The following&frrsections contain the results of a detailed study. 
linac 
end 
0 mm 
!KOR 
K = kicker magnet 
S • septum magnet 
Fig. 02.4-0. !KOR beam transport, general layout 
Target 
cm 
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2.4.1 Beam transport Linac-IKOR 
The purpese of the injection beam line (see fig. D2.4-1) is to trans-
port the H beam from the linac to the stripper feil at the compressor 
ring and,if necessary,debunch it. 
horizontal 8 
2 
02 
matehing po:j.nt 
0 10 20 30 40 50 60 
distance along beam axis (m) 
1 150 t D = septum magne 
0 ... 
D2 = 33.46 bending magnet 
Fig. D2.4-1. Beam transport Linac-IKOR, horizontal and vertical beam 
envelopes. The envelopes are for 20 (i.e. they contain 
95% of the beam). It is assumed that the beam halo is 
removed by an annular stripping foil in front of Ql. 
The emittance (20) is assumed tobe 3.3 TI mm mrad in 
the horizontal plane as well as in the vertical plane. 
The beam microbunch has a length of about 12 cm at the 
stripping foil in the ring. 
70 
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The or~g~n is taken to be at the center of the stripper magnet, 2.36 m 
upstream of the 15° septum magnet. An astigmatic double waist with 
1.5 mm horizontal and 5 mm vertical half width is assumed. The beam 
emittances in both planes are 5 mm mrad (3cr phase space) and the 
bunch length is assumed to be 2.6 cm. (Possibly the linac will pro-
duce a langer bunch.) 
At the end of the injection beam line; at the stripper foil, an ellip-
tical beam spot is desirable /1/ with half widths (2cr phase space) of 
5 mm and 7 mm, respectively, in the horizontal and vertical planes. 
The exact shape of the beam spot is not critical, but it must not oc-
cupy a smaller area at the foil than is implied by the above in order 
to minimize the power density. The bunch length should be 10 - 12 cm 
in order to reduce the space charge effects in the ring. 
In the transport system the field in the active regions of the bending 
magnets and quadrupole lenses must not exceed 0.3 T in order to keep 
the- electro-magnetic stripping probability below 10-5• This requires 
magnets with a minimum bending radius of 20 m. 
0 0 The injection beam line consists of a 15 septum magnet and a 33.46 
inflection magnet, both operating at 0.3 T (p = 20.07 m), and 8 - 10 
quadrupole lenses. It is 69.86 m lang. Between the two bending magnets 
there is a quadrupole doublet. Its function is to adjust the disper-
sion of the system so as to achieve the desired debunching as well as 
to provide adequate vertical focussing. Salutions ranging from four 
fold debunching to approximately a dispersion free system can be 
achieved. For the dispersion free system, the geometry has to be 
slightly changed in order to keep the quadrupole field low enough. 
The growth in effective phase space is approximately proportional to 
the debunching factor. For a 10 cm lang bunch, the effective horizon-
tal phase space is 48 TI mm mrad, roughly 10 times the initial value. 
If the linac produces a beam bunch langer than 2.6 cm, a setting which 
gives a smaller debunching effect is used. 
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Four quadrupole singlets are used to transport the beam from the end 
of the 33.46° magnet to a "matching point" 25 m away, and a quadrupole 
"quartett" is used to achieve the required conditions at the stripper 
foil 18.73 m downstream from the "matching point". If a single, prede-
termined, condition is chosen at the stripper foil, the "quartett" can 
probably be replaced by a doublet. 
If a four fold debunching factor is used, for a given spot size 
at the stripper foil, the angle will be 10 t~er !arger than for an 
achromatic system. Consequently, one should always produce a horizon-
tal waist at the foil as this minimizes the divergence angle for a 
given spot size. If the beam is clipped to the 2cr phase space, a spot 
of half width 10 mm and 4 mrad (waist) horizontally and 7.6 mm and 
1.2 mrad (correlation coefficient is close to 1, e.g. rotated phase 
space ellipse} has been provided for the four fold debunching (bunch 
length 10 cm). The vertical beam size in the stripper magnet 5.95 m 
upstream from the stripper foil is 3 mm half height. 
Finally, an annular stripper foil can be placed in front of the dou-
blet between the bending magnets, to remove the tails of the beam. 
Both horizontally and vertically the correlation coefficients are 
close to 1 (e.g. rotated phase space ellipses},an ideal condition for 
this purpose. The quadrupole lens is weakly focussing for the strip-
ped particles, which will reduce beam blow-up on the way to the beam 
dump located part away along the 33.46° bending magnet. 
2.4.2 Beam transport !KOR-Target 
This beam transport line (ejection beam line, see fig. D2.4-2} will 
transport the compressed proton beam from the ring to the target 
124.93 m away. As the momentum spread is approximately 0.4% an achro-
matic system is highly desirable. There should be no sharp focua any-
where in the beam line thus reducing the effects of space charge. 
cm 
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Fig. 02.4-2. Beam transport !KOR-Target. Horizontal and vertieal beam 
envelopes for 150 ~ mm mrad horizontal and 50 ~ mm mrad 
vertieal emittanee. 
The beam transport system !KOR-target eonsists of two 11° and two 45° 
bending magnets, and 22 ~adrupelelenses, and is designed in a modular 
fashion with three major seetions: 
1) a ring matehing system that produees a double waist at the "first 
matehing point" 
2) an aehromatie and teleseopie eenter seetion with 22° of bend, whieh 
transforms the waist in the "first matehing point" to a waist in 
the "seeond matehing point" 
3) an aehromatie final seetion whieh produees an 80 mm diameter 
double waist at the center of the target and also allows some ad-
justment of the beam. 
The starting point is at the entrance edge of the ring magnet just 
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following the extraction cell. The septum magnet situated 1 m upstream 
the starting point has a radially focussing field gradient of o.S T/m. 
The emittances and initial half widths are assumed to be 150 ~ mm mrad, 
x = 55 mm and x' = 4.9 mrad and So ~ mm mrad, y = 18 mm and y' = 
3.9 mrad, respectively, in the horizontal and vertical planes (values 
are taken from /2/ (see also sub-section 2.2.6). 
Two quadrupole singlets are used to produce a double waist 9.2 m down-
stream the starting point with half widths of 34 mm and 27 mm, respec-
tively in the horizontal and vertical planes. The strengths and posi-
tions of these singlets depend critically on the details of the phase 
space ellipses. If those turn out to be quite different, more elements 
would have to be added and/or the positions of the present elements 
would have to be changed. 
The center section consists of two 11° bending magnets with reflection 
symmetry, with a quadrupole singlet centered on the symmetry plane and 
adjusted to produce an achromatic condition. Two quadrupole triplets, 
one immediately before, and one immediately after the achromat produce 
a double telescopic system, that is the transfer matrices are diagonal, 
horizontally and vertically the magnifications are 1 and 1.2 respecti-
vely. The beam spot at this point is nearly circular with a diameter 
of 66 mm; The length of this section is 33.41 m. 
The final section consists of two 45° bending magnets separated by a 
drift of 56.88 m. The two ben:is have antireflection symmetry /3/ and 
are connected by 3 triplet lenses operated in a symmetric manner. The 
triplets are adjusted to give an achromatic solution with unity magni-
fication in both planes; the focal length is also infinite for both 
planes. Immediately proceeding and following this achromatic section 
is a quadrupole doublet. The doublets are adjusted to transform the 
66 mm diameter waist at the "second matehing point" to a double waist 
of diameter 80 mm at the target center, 7.9 m downstream. The total 
length of this section is 82.4 m. 
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Throughout the system, the beam is kept large, the only exception is 
at the middle of the center section where the horizontal diameter is 
16 mm. However, the vertical is 37 mm, which is large enough to avoid 
space charge blow-up. Throughout most of the system, the beam diame-
ter is in the range 60 to 150 mm, which should make space charge ef-
fects negligible. 
References on secion D2.4 
/1/ P.F. Meads, Transformations re'beam distribution on foil, 
KFA Jülich, 2.4.PFM.7, this study, annex D 
/2/ see ref. /57/ of section D2.2 
/3/ J.C. Herrera and E.E. Bliomptis, Rev.Sci.Instr. 12 (1966) 783 
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D2.5 Operational means 
2.5.1 Beam observation and controls 
Beam Observation 
The beam diagnostic requires possibilities of control and measurement 
on beam shaping, beam losses, beam position and on other beam proper-
ties. Due to the high beam intensity and possible activation of com-
ponents the beam will be formed essentially in the low-energy part of 
the Linac-IKOR system. Only a reduced amount of beam current is to be 
scraped-off or dumped in the compressor system (e.g. removing of tails). 
For monitaring beam lasses, ionisation chambers and scintillation 
counters have shown good reliability and ease of maintenance. They 
will be installad in appropriate quantities araund the ring and permit 
the determination of azimuthal distribution of beam lass. An evalua-
tion of these results is needed for beam correction and for access 
controls. 
Capacitive probes are proposed as essential elements for measuring the 
beam properties as they have been in reliable service on other accele-
rator installations /1/. They permit the determination of horizontal 
and vertical beam position Coordinates as well as the observation of 
the time structure of the circulating particle bunch. Betatron frequen-
cies in the ring can be measured by means of Q-diagram measurement 
through beam excitation (e.g. according to /2/) and by observation of 
the beam noise /1,3/. 
The methods cited can be applied with advantage if the monitaring sy-
stems are equipped with local intelligence by analytical data treat-
ment. The results can directly be inserted into the control loops. 
Only relevant physical results have to be transroitted to the operator 
via the computer system. 
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Control system 
The idea seems applicable that the whole complex linac, compressor 
ring and targets will be set up in several stages and that there will 
be future extensions. It is therefore required that the control system 
be designed flexible, extendable,and transportable to allow for the 
addition of new subsystems. IKOR being a part of the overall installa-
tion, it is also assumed that the control system for this ring /4/ is 
an integral part of the overall control facilities. No singular solu-
tion must be searched in order to avoid lasses of oparational useful-
ness. 
The following major requirements have tobe met '/4/: 
- ease of use for machine development, running in, routine operation, 
and later extensions, 
- availability of any information concerning the state of hardware 
and beams as well as access to any parameter requiring contiol, 
- formation of repetitive procedures into appropriate (autonomous) 
subprocesses for better transparency and control, 
- reliability and security (of the control system) , as well as 
- extensive maintenance and diagnostic facilities. 
A computer control system is required for the operation of the linear 
accelerator (see chapter B2, section B2.5). A compatible supplementary 
computer system has to be provided for the operation of IKOR. The 
overall system must have a hierarchical structure with computer-con-
trolled subsystems in which data monitaring and processing is done as 
close as possible to the level where these data are available /1,3,5/. 
This will limit the propagation of informati~n and design changes out~ 
side the originating subsystem. Moreover, the oparational safety is 
essentially improved. Within this structure, subsystems are autonomaus 
systems which can independently be develop~d, tested, operated, and 
maintained. 
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From the above it follows that at least one powerful and adequately 
equipped processor has to be dedicated to the autonomous control of 
!KOR. Elements of apparatus and instrumentation must be interfaced to 
this processor(s) by the interface which is standard for the rest of 
the SNQ-facility. The equipment will be supervised by local control-
lers. Such controllers (processors) may also be dedicated to closed 
loop controls such as orbit corrections, beam-loss-monitoring within 
the radiation safety interlock or device-setting and pulse-to-pulse 
. 
programming during injection, ejection or acceleration if it applies. 
Access to the control system: All normal operation and much of the 
machine physics should be done in one main control room for the entire 
SNQ-complex. If several consoles are provided in the central control 
station they should have equal capabilities for application to the 
overall system. It must also always be possible to operate equipment 
from remote consoles. These may be somewhat simpler than those in the 
main control room. They should, however, have full capabilities of 
monitoring and control when authorized. It should be possible to inter-
connect remote consoles at any level of the network or hierarchy re-
spectively. It must be stressed that this capability is essential as 
a machine development, running-in and maintenance tool /4/. 
Timing system: A high precision timing system will certainly be im-
plemented centrally, e.g. to control the phasing of RF generators. 
This system should also provide signals to the accumulator ring for 
equipment which relates to the passage of individuanl bunches /6/. 
Signals with lower resolution will be derived for Synchronisation of 
control actions. An event-based technique may be used where the items 
involved have access to a centrally generated and coded event stream 
and where instrumentation is able to react on its particular event-
codes /7,8/. 
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2.5.2 Radiation protection and shielding 
Beam losses 
According to the IKOR concept (2.1.2) the ring is designed for minimum 
beam losses, its purpese is only to compress the beam pulses of the 
linear accelerator. In centrast to particle accelerators, beam loss 
at injection is as aggravating as at ejection since there is no diffe-
rence in parti9le energy. 
The losses in the compressor ring are difficult to assess, hence a 
beam loss concept has to be introduced for all radiation shielding 
considerations. Following this, the maximum beam losses have to be 
fixed, which appear tolerable for shielding, induced radioactivity 
and radiation doses of components. When exceeding these maximum loss 
limits the intensity at injection must be reduced. 
For the following considerations, we assume that losses over long 
time at no location of the compressor ring will be more than half a 
percent of the basicnominal intensity of 2.7 x 1o16 p/s, i.e. about 
1 x 1014 p/s. Thus the maximum lost beam power is limited to - 25 kW. 
Exceeding these values for ~hort ~ime during commissioning of the com-
pressor ring can be tolerated. If higherU.Stantaneous beam losses can-
not be reduced within one hour, care is to be taken that no person 
outside the shielding, in the free access area, may be exposed to more 
.than 0.5 mrem/h. In order to avoid gamma-radiation levels from the in-
duced radioactivity, and doses for the components which would be too 
high, the mean value of beam losses during one month must stay below 
the limit values. 
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Fig. D2.5-1. Section through the compressor ring in beam height 
(schematically) , with positions of crane ports. 
The transport facility connects ring, equipment channel, 
and loading areas. 
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Shielding against secondary radiation 
Since 0.5% beam losses may arise at any place of the compressor ring, 
the required shielding thickness is everywhere the same. The maxi.mum 
averagedoserate outside the shielding is 0.5 mrem/h (§29 Str.Sch.V.). 
The distance from source to shielding surface is important for the as-
sessment of the required shielding. Assuming this distance to be above 
10 m the necessary shielding thickness for concrete or earth is 
1600 g/cm2 /9/. The proposal as sketched in one of the figures 02.5-1 
to 02.5-3 indicates a possibility to shield the compressor ring and 
the equipment tunnel correspondingly. An optimization is only possible 
within the frame of a final design of the compressor ring and of the 
auxiliary equipment (see also sub-section 2.5.3). 
The proposed shielding concept also provides the possibility to rein-
force the local shielding in regions where beam losses occur and to 
reduce the outer shielding correspondingly. 
The necessary shielding for short distances is at the same time suffi-
cient for the reduction of the radiation outside the operationally con-
trölled area. The basic concept which we use provides a dose rate 
< 0.5 mrem/h above the tunnel shielding. Even if these radiation le-
vels were reached everywhere, one would have to expect < 2 ~rem/h at 
100 m distance or < 10 mrem/a. 
0 5 10 15 20m 
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Fig. 02.5-3. Partial view of transport facility from the loading area, 
schematically. 
Induced radioactivity 
A beam loss of 1o14 p/s (1.1 GeV) generates gamma-dose rates of 101 to 
102 rem/h in contact with directly irradiated components -so cm remote 
from the beam axis /10/. The radiation levelstobe expected at a wor-
king distance from such components vary strongly with the geometry and 
mass of the irradiated material and with the existing shielding (also 
self-shielding of the components). However, we must start from the 
possibility that 24 hours after switchoff dose rates of more than 
300 mrem/h will exist and that for this reason a highly restricted area 
in the neighbourhood of these components must be established. Since 
the conditions for all ring components are the same, remote handling 
must be possible for all of them. The construction of the ring and of 
the components takes these requirements into account. Besides the com-
ponents inside the tunnel also the air of the tunnel and the cooling 
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water is activated. The same precautions as on the linear accelerator 
are sufficient to exclude danger for the operations crews and for the 
environment: Ventilation of circulating air during operation and clo-
sed circuits of cooling water for the ring elements /10/. 
Radiation damage 
8 Organic insulating material is heavily damaged in the range 10 to 
10 
10 rad. Even the best known epoxy resins cannot be used anymore with 
10 
> 10 rad. But greater doses have to be taken into account, on the 
most exposed coils, after 10 years operation /9/. Therefore we intend 
to equip bending magnets and quadrupole lenses with anorganic coil in-
sulation. Electronic components cannot be used in the ring tunnel, 
electric components and cables only after appropriate selection of ma-
terial and location· in the tunnel. 
Radiation damages are not only a financial problem, they also reduce 
the personal radiation protection since werk on components damaged by 
radiation means werk on most activated components. A radiation resistent 
compressor ring according to the present concept permits maintenance 
programs to be carried out under good radiation protection. Components 
destroyed by radiation also would increase the mass of radioactive ma-
terial which must be disposed off. Hence it is required that all ring 
components must withstand 10 years beam operation at 0.5% continuous 
10 9 loss. Coil insulations are layed out for > 10 rad, cables for > 10 
rad, drive and control elements for > 108 rad. Nothing will be instal-
led in the ring which does not withstand a radiation load of 108 rad 
without damage. 
2.5.3 Remote handling and servicing 
Access to the ring 
The beam losses assumed in this study lead to high activation of the 
ring components and of the building structures. The gamma (beta) level 
in the ring even after a relaxation time of 24 hours is so high that 
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one has to expect > 300 mrem/h for full-body exposure at working di-
stance. In regions where beam losses of the order of 10-3 have occurred, 
the compressor tunnel can only be entered after lang waiting time. 
Therefore, exchange of !KOR components by means of a remotely control-
led crane is foreseen. 
Generally, access to the ring after switchoff .is restricted until the 
activation of air is reduced to a level where switchover to fresh air 
ventilation is possible (1 to 4 hours waiting time). 
Access to low acticated zones of the ring is possible, if the monitaring 
system for remanent gamma dose rate indicates acceptable radiation le-
vels. The total dose during a maintenance period should for no person 
exceed 100 mrem, whereby one assumes that 8 short and one lang mainte-
nance periods in a year are necessary. 
Requirements to remote handling 
All elements of the ring are designed such that they can be exchanged 
by a remotely controlled crane. Appropriate connections for vacuum, 
power supply, signals and cooling water are foreseen similar to those 
which have been used with the CERN SPS target magnet /11/. All control 
elements and auxiliary equipment subject to repair are mounted in a 
fashion that they can be exchanged remotely tagether with the compres-
sor ring component. In the tunnel proper only 'passive' radiation resi-
stant components are fixed which do not require maintenance. Also, pro-
visions are made in order to design all conventional installations such 
that they either can be exchanged via remote control or that they need 
no maintenance. 
The assembly of all elements inside the ring, i.e. of components of the 
compressor ring, auxiliary equipment or conventional installations is 
planned such that a manipulator mounted on a crane or on a mobile la-
fette can perform all necessary jobs (ref. "Mantis" CERN /12/). 
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The figures 02.5~1 to 02.5-4 show two possibilities for remote exchange: 
handling of connections from a shielded service tunnel and exchange only 
by the crane. Which of these possibilities can be used more economically 
will be subject to detailed engineering. With existing accelerators, 
there are practically proven solutions which fulfil the discussed.re-
quirements. 
-··· ~~ 
-
:I 
9.75m 
Fig. 02.5-4. Alternative solution to semi-remotely handled installa-
tion and removal.IKOR ring elements can be decoupled 
from a service path. From top, access by crane mounted 
auxiliary tools. 
Transport of radioactive components 
Remote exchange of highly radioactive components has to be completed 
by a transportation system which allows activated components to be 
brought out of the ring and to be deposited on a safe place without 
undue radiation exposition. 
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The proposed solution is shown by Fig. D2.5-1 and Fig. D2.5-2. The ring 
crane brings the components to the exit gate. A transport crane takes 
the load over and puts i t into a depot and repair hall adjacent to the 
ring. The load is automatically fixed to the crane. Also as an option, 
the possibility is considered to put the load onto a railway vehicle or 
to put it on a shielded mobile platform for transportation (SPS magnet 
vehicle /13/) . The final choice of means for transportation is deter-
mined by the rule that the collective dose per person, related to trans-
portation should be no more than 10% of the total dose for handling. 
Experience shows that a substantially lower fraction of:' transporta tion 
dose' can be expected if appropriate care is taken. Provisions are made 
to interconnect intermediate depot, hot cells and final depot by the 
transportation facility. 
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02.6 Time schedule and cost 
2.6.1 Time schedule 
Fig. 02.6-1 gives a rough survey concerning the eventual process of re-
alization of the compressor ring. The construction phase proper is about 
6 years. The commissioning period with beam is estimated to need 6 to 
12 months. 
An optimisation and prototype program (see also part I, chapter 8) 
should provide the basis for a swift development of the construction 
program. The following activities should mainly be included: 
- a more ptofound study of beam dynamics, in particular collective effects 
- optimization of the ejection system with due regard to the influence 
on beam stability by the kicker magnets during filling, technical 
details on the layout of the septum magnet, furthermore modifications 
aiming at double pulse ejection for neutrino experiments 
- investigations concerning lifetime and production of stripping foils 
used for injection 
technical questions concerning pulsed magnet powering (quadrupole 
field in ring, dipole fields of injection magnets) 
detailed studies on remotely handled installation of ring components 
- technical layout of the negative feedback system for damping trans-
verse beam oscillations 
studies on new principles of pulse compression. 
Also, the development of beam monitors and further studies on the com-
puterized control system should preceed the construction phase. 
For the project realization under broad participation of industry the 
organization of working teams with expert knowledge will be required. 
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Fig. 02.6-1. Time schedule for an !KOR R & D and construction program. 
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2.6.2 Costs 
The rough cost figures enumerated in the following have been estimated 
to within ± 20%. A higher precision can only be reached after further 
engineering studies and call for tenders. 
Compressor ring 
Magnet system including power supplies 
consisting of: bending magnets (11) 6,5 
quadrupole lenses (33) 4,8 
correction elements 1,2 
installation 2,0 
vacuum system 
injection system 
ejection system 
beam stabilization 
beam instrumentation 
beam transport to ring 
beam transport ring - target 
various costs 
special cooling circuits and safety equipment 
control system (computerized) 
facilities for remote handling 
·labora tory equipment 
electricity supply and other equipment 
ring, total 
unforeseen 
Building: 
ring tunnel and beam transport channels 
main equipment building 
0,5 
cost in MDM 
15,0 
5 ,o 
6,9 
9' 1 
6,6 
4,5 
5 ,o 
10,0 
5,0 
8,0 
5,0 
3 ,o 
4,0 
87,1 
~ 
96,0 
20,0 
10,0 
30,0 
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02.7 Additional considerations 
2.7.1 Alternativebackup solutions 
Should some problems arise in the future that precludes operation at 
isochronism, there are several options available. The ring may be ope-
rated with the transition energy substantially above 1100 MeV (sub-
section 2.2.2), i.e. non isochronous. One of the ejection schemes men-
tioned in the following will then be applied. 
Hole-Keeper 
To keep particles out of the azimuthal void, one can consider a pulsed 
cavity that operates at the same frequency as the ring but is excited 
only during the passage of the azimuthal void. This "hole keeper" would 
accelerate (slow) particles at the leading edge of the void to keep 
them from falling further behind and would decelerate (fast) particles 
near the trailing edge of the void that would otherwise enter the void 
/1/. 
Azimuthally-uniform beam 
Ejection with electrostatic septum: Another possibility is to fill 
the ring uniformly, leaving no azimuthal void whatsoever. This is highly 
preferable with regard to instabilities as the azimuthal gradient in 
charge density would be eliminated (sub-section 2.2.5). Ejection could 
still be accomplished by means of moving the beam with a fast kicker 
suchthat it passes across a thin electrostatic septum /2-4/. 
Beam is lost on the septum only during the kicker rise time which may 
be as short as 50 ns and then roughly only in the proportion that the 
septum width bears to the beam width. It is conceivable that such a 
mode of operation would result in a loss to the septum of only 0.01% of 
the accumulated beam /5/. Under these assumptions, the leading elec-
trode of the septum would run at a nearly constant temperature of 
628°c with a fluctuation of about 3°. This mode ~f operation is compa-
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rable to that of a beam splitter for a 500 ~A cw accelerator. It 
should be noted, however, that losses in actual ejection systems gene-
' rally far exceed the theoretical losses. 
Resonant ejection: In deviation from the known method of "fast ejec-
tion", resonant ejection can be considered. A smaller but faster kicker 
magnet (risetime 10 ns) would be used in order to determine only phase 
and shape of the initial amplitude of the oscillation wanted, the exi-
sting broadband negative feedback equipment would be üsed in order to 
excite the beam in few turns to very large oscillation amplitudes by 
transverse positive feadback. If a coherent betatron oscillation is 
excited then ejection can be performed in a single turn. One has to aim 
at keeping the losses at about one promille. The costs lie in a larger 
vacuum chamber according to the oscillation. A detailed study of this 
proposal is pending. 
2.7.2 Proton injection 
Because of the very high beam power, the direct injection of protons 
without charge exchange ist most critical. It will be necessary to 
drastically trim the tails of the lateral distributions' in order to 
reduce the emittance that must be handled by a factor of 10 in each 
plane. One half of the beam (- 2.5 MW average power) would have to be 
removed, if this part cap be used for other purposes. Normal multiturn 
injection methods (see further below) obtain optimal beam brightness 
at the expense of relatively high losses (55 to 80%) . Stacking into 
synchrotron space as practiced, for example, at the CERN ISR is not 
possible within the 500 ~sec cycle. Because of the limited number of 
turns that could be injected within the aperture using proven methods, 
it would be unrealistic to expect to inject much more than 2 x 1o13 
protons into the ring. A reduction of the linac beam emittance would 
help but to a limited extend since the beam diameter'should be at 
least of the order of magnitude of the septum thickness. 
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Tail stripping 
The tails may be removed from the beam by using electrostatic beam 
splitters of small wires or foils such as is done at SIN. The location 
of these splitters must be an optical image of the injection inflector. 
Heating and radiation darnage to the splitters appear _to present no 
difficul ties. 
Multiturn injection 
Unlike the charge exchange method described above with protons, each 
injected turn must occupy a separate volume of phase space. For the 
radically trimmed beam, the available betatron volume exceeds that 
needed by over a factor of four, but no one has ever demonstrated si-
multaneous injection into more than one phase plane. In the course of 
the BNL AGS improvement project, a highly efficient method was proposed 
whereby the machine is run at a radial half-integral resonance, and 
successive turns are stacked like a closely spaced picket fence /6/. 
The method was dropped because a slight shift (0.02) in the tune redu-
ces the efficiency from over 90% to less than 70%. However, applied to 
the SNQ ring the method provides for the injection of approximately 
100 turns of the bright portion of the beam. By injecting above the 
median plane with an appropriate vertical tune, it is reasonable to 
double the number of turns, using the vertical plane to miss the in-
flector on the secend turn after injection. 
Spiral injection: This method, originally conceived as a means of in-
jecting protons with high efficiency is expected to provide comparable 
efficiencies without the danger of operating on the half-integral re-
sonance /7/. To accept the full 658 turns of even the radically-trimmed 
beam would require doubling the aperture. 
Injection by rf kicker-septum: Because of the tight bunch structure, 
it is conceivable that 20 or more turns could occupy the same betatron 
phase space were there a method to inflect a bunch entering the ring 
without disturbing previously injected bunches. Were this possible, 
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the nurober of turns to be accomodated in betatron space is reduced to 
areund 30. 
Using a coupling resonance: If the ring is run very close to a diffe-
rence resonance during injection, and the beam is injected onto the . 
median plane, a skew quadrupole will couple horizontal betatron oscil-
lations into vertical betatron oscillations. The sum of the squares 
of the amplitudes in the two planes.is constant and is equal to the 
square of the equilibrium orbit displacement /8/~ The_ period of oscil-
lation and the ratio of the peak amplitudes depend upon the distance 
from the resonance and the strength of the skew quadrupole. By appro-
priately setting the period of the exchange of amplitude, the rate of 
shift of the equilibrium orbit may be reduced with the consequent en-
hancement of the filling efficiency. 
A modification of this method is to inject with the equilibrium orbit 
not perturbed in which case the entire beam is injected onto the hy-
pershell 
2 
= a 
where a is the distance of the septum from the closed orbit. 
2.7.3 Conclusion 
Because the successful injection of protons would require a reduction 
of beam losses from about 50% to about 0.5% for full intensity, and 
even with such improvements, only the bright half of the beam could be 
injected, direct injection of protons is not recommended. 
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